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Abstract

This thesisdiscussessimulationsof earthquakegroundmotionsusingprescribedrupturesanddynamicfail-

ure. Introducingsliding degreesof freedomled to aninnovative techniquefor numericalmodelingof earth-

quake sources. This techniqueallows efficient implementationof both prescribedrupturesand dynamic

failure on an arbitrarily orientedfault surface. Off the fault surfacethe solutionof the three-dimensional,

dynamicelasticityequationuseswell known finite-elementtechniques.We employ parallelprocessingto

efficiently computethegroundmotionsin domainscontainingmillions of degreesof freedom.

Using prescribedruptureswe study the sensitivity of long-periodnear-sourcegroundmotionsto five

earthquake sourceparametersfor hypotheticaleventson a strike-slip fault (MW 7.0–7.1)anda thrust fault

(MW 6.6–7.0).The directivity of the rupturescreateslargedisplacementandvelocity pulsesin the ground

motionsin theforwarddirection.We founda goodmatchbetweentheseverity of theshakingandtheshape

of the near-sourcefactorfrom the 1997Uniform Building Codefor strike-slip faultsandthrust faultswith

surfacerupture.However, for blind thrustfaultsthepeakdisplacementandvelocitiesoccurup-dip from the

region with thepeaknear-sourcefactor. We assertthata simplemodificationto theformulationof thenear-

sourcefactorimprovesthematchbetweentheseverity of thegroundmotionandtheshapeof thenear-source

factor.

For simulationswith dynamicfailureon a strike-slipfault or a thrustfault,we examinewhatconstraints

mustbeimposedonthecoefficientof friction to producerealisticrupturesundertheapplicationof reasonable

shearandnormalstressdistributionswith depth. We found that variationof the coefficient of friction with

theshearmodulusandthedepthproducesrealisticrupturebehavior in bothhomogeneousandlayeredhalf-

spaces.Furthermore,we observed a dependenceof the rupturespeedon the directionof propagationand

fluctuationsin therupturespeedandslip rateastheruptureencounteredchangesin thestressfield. Including

suchbehavior in prescribedruptureswould yield morerealisticgroundmotions.
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1

Chapter 1 Intr oduction

In thelastfiveyearstwo earthquakeshaveremindedusthatwestill havemuchto learnabouthow faultsrup-

tureandtheresultinggroundmotions.OnJanuary17,1994,theNorthridgeearthquakehintedat thedestruc-

tion possiblewhenfaultsrupturebelow adenselypopulatedarea.Fortunately, mostof theenergy propagated

away from thecenterof population.A yearlater, onJanuary17,1995,thecity of Kobe,Japan,did not fair as

well: a fault rupturepropagatedtowardthecity. Theseearthquakesprovidedanotherdemonstrationthateven

moderateearthquakescancausesubstantialdamage.Recordsfrom thesetwo eventssignificantlyincreased

our limited knowledgeof how thegroundmovescloseto rupturingfaults.We needmoreinformation,how-

ever, abouttherobustnessof thecharacteristicsof near-sourcegroundmotions.Inversionsof strongground

motionsallow us to identify theareawhereslip occurred,the speedof the fault rupture,andthemaximum

slip rates.Inversionsdo not provide informationaboutthesensitivity of thegroundmotionsto variationsin

thesourceparameters.

We focus on investigatingsuchsensitivities by computingthe groundmotion time historiesfor many

hypotheticalscenarioson a strike-slip fault anda shallow dipping thrust fault usingfinite-elementmodels.

Using prescribedruptures,we assessthe sensitivity of the groundmotionsto variationsin the earthquake

parameters.We improveour understandingof thedynamicsof theruptureprocessby modelingtheruptures

with dynamicfailurethroughfrictional slidingonthefaultsurface,insteadof prescribingtheruptures.Based

on simulationsin homogeneousandlayeredhalf-spaces,we developa simple,functionalform for thecoef-

ficient of friction asa functionof thematerialpropertiesandthedepth.Additionally, we conducta second

sensitivity studyto gaugethe influenceof the initial conditionsandfriction modelon the rupturebehavior

andtheresultinggroundmotions.

1.1 Background

The sporadicoccurrenceof moderateto large earthquakes makes the task of understandingnear-source

groundmotionsdifficult. Additionally, the sparsecoverageof recordingstationslimits our ability to cap-

ture groundmotionscloseto fault ruptures. The location of the 1992 Landersearthquake in a sparsely

populateddesertarearesultedin only onerecordof near-sourcegroundmotion. While this recordhasbeen

carefullystudied(IwanandChen1994),it shows how thegroundmovedat only onelocation. Modelingof

the long-periodgroundmotionsfrom this event suggeststhat larger peakvelocitiesoccurredfarthersouth

alongthe fault (Wald andHeaton1994). The locationof the 1994Northridgeand1995Kobeearthquakes

nearlarge centersof population,wherethe stationcoverageis generallymoredense,addedmany records
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of near-sourcegroundmotionsto the database.During the Northridgeearthquake, ten stationswithin five

kilometersof the surfaceprojectionof the rupturerecordedgroundmotions(Hall et al. 1995). The limited

numberof near-sourcegroundmotionsthathave beenrecordedfor largethrustearthquakesmadeit impos-

sible to determineif the near-sourcerecordsfrom the Northridgeearthquake wereanomalous(Somerville

et al.1996);however, Somervilleet al.useda simulationprocedurethatwasvalidatedwith many California

earthquakesto reproducethe departureof the Northridgerecordsfrom the empiricalattenuationrelations.

They concludedthattheNorthridgenear-sourcegroundmotionsarerepresentativeof thenear-sourceground

motionsfrom largethrustearthquakes.

With the limited numberof near-sourcerecords,seismologistshave relied on simulationsto reproduce

groundmotionsfrom actualeventsandto predictthegroundmotionsfor hypotheticalones.Researchershave

successfullymodeledthenear-sourcegroundmotionsatperiodsof onesecondandlongerfrom tenCalifornia

earthquakes(Hall et al.1995). Theseinclude,amongothers,the1989LomaPrieta(Wald et al. 1991),1992

Landers(Wald andHeaton1994),andthe 1994Northridge(Wald et al. 1996)earthquakes. Additionally,

KamaeandIrikura (1998)andWald (1996)reproducedthenear-sourcegroundmotionsfrom the1995Kobe

earthquake.Thesourcemodelsassociatedwith thesesimulationsprovidevaluableinformationfor dissecting

pastearthquakes. OlsenandArchuleta(1996)approximatedthe Northridgeruptureto examinebasinand

directivity effects. Pitarkaet al. (1998)andHisadaet al. (1998)have studiedthedirectivity andbasinedge

effectsfor the1995Kobeearthquaketo explain thezonesof concentrateddamage.

On theotherhand,simulationsof pasteventsgive little insight into how thegroundmotionscompareto

thosefrom futureevents.Wewouldalsoliketo know if earthquakesonsimilarfaultswill producecomparable

groundmotions. Thus, the variability of the groundmotionsto changesin the seismicsourceparameters

becomesimportantwhenpredictinggroundmotionsfor hypotheticalevents. Saikia (1993)examinedthe

groundmotionsat a network of sitesin thegreaterLos Angelesareafor a MW 7.0eventon theElysianPark

fault. In order to gaugethe uncertaintyof the groundmotions,he examinedseveral randomdistributions

of slip and found wide variationsin the peakaccelerations.Basedon the moderateto strongsensitivity

of the groundmotionsto variationsin the seismicmoment,sourcerise time, andheterogeneityof the slip

distribution for simulationsof hypotheticalearthquakeson a sectionof theSanAndreasfault,Graves(1998)

suggestedthat appropriatevaluesfor the sourceparameterizationare essentialfor realistic predictionsof

groundmotions. Additionally, while studyingthe accuracy of three-dimensionalseismicvelocity models,

Wald andGraves(1998)demonstratedthevariability exhibitedby groundmotionsin responseto changesin

thematerialpropertiesof thesimulationdomain.

We will expandon thesestudiesandstudythesensitivity of thelong-periodnear-sourcegroundmotions

onastrike-slipfaultandathrustfault to systematicvariationsof fiveearthquakesourceparameters,including

therupturespeed,maximumslip rate,hypocenterlocation,faultdepth,anddistributionof slip. Wealsoinves-

tigatehow theshapeof thenear-sourcefactorfrom the1997Uniform Building Codematchesthedistribution

of theshaking.
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Furthermore,we canimprove theaccuracy of our modelingof near-sourcegroundmotionsif we better

understandthedynamicsof theruptureprocess.Includingtherupturedynamicsin simulationsof earthquakes

generallyinvolvesmodelingthe frictional sliding on the fault surface.Two distinctefforts of modelingthe

frictional sliding on faultshaveemergedin recentyears.Onefocuseson modelingtheevolution of stresson

thefault leadingup to thenucleationof earthquakes(Marone1998;RiceandBen-Zion1996;Scholz1998;

Tullis 1996), and the other concentrateson modelingthe dynamicsof the ruptureduring the earthquake

(FukuyamaandMadariaga1998;HarrisandDay 1999;MadariagaandCochard1996;MagistraleandDay

1999;Oglesbyet al.1998;Olsenet al.1997).

Thoseresearcherswho modeltheevolution of stresson the fault almostexclusively usestate-andrate-

dependentfriction models.Review articlesby Marone(1998)andScholz(1998)summarizethedevelopment

of thefriction modelsandsomeof thefeaturesof theirbehavior. Thesemodelsarebasedonlaboratoryexper-

imentsof sliding at slip ratesbetween10, 7 mm/secand1mm/sec,which areappropriatefor thenucleation

of earthquakes(Rice andBen-Zion1996). Additionally, analyticalmodelsof creepbehavior yield friction

modelsof thesameform (Persson1997).Consequently, researchersapplythesemodelsto studiesof thenu-

cleationof earthquakesandcreepbehavior onfaults.Usinganelastodynamicmodelof ahalf-space,Riceand

Ben-Zion(1996)examinednucleationof earthquakesonastrike-slipfault. Tullis (1996)conductedasimilar

studyon a segmentof the SanAndreasfault nearParkfield. Both groupsuserealisticdistributionsof the

effective normalstresseswith depth: theeffective normalstressesarethedifferencebetweenthe lithostatic

pressuresandthehydrostaticpressures.

Rundleetal.(1997)suggestedthatthelaboratoryexperimentsusedto createthestate-andrate-dependent

friction modelsdo not adequatelyrepresentsliding on faults,and,in particularsliding dominatedby inertial

effects. Rundleet al. also notedthat several predictionsimplied by thesefriction modelshave yet to be

observedin nature.Theseincludehighshearstressesthatgeneratelargeamountsof heaton thefault surface

and significantprecursoryand inter-seismiccreepbetweenearthquakes. The first of thesepredictionsis

often referredto asthe heatparadox.Severalmechanismshave beensuggestedto explain why the friction

stressdropsto low levels during sliding andpreventsmelting. Theseincludefluid pressurizationprior to

slip (Sleep1997),wrinkle-like slip pulsesassociatedwith a contrastin materialproperties(Ben-Zionand

Andrews1998),acousticfluidization(Melosh1996),andnormalvibrations(TworzydloandHamzeh1997).

Theuncertaintyin thebehavior of how faultsrupturehasled researchersto createsimple,ad hocmodels

that producereasonablebehavior. Thesemodelsgenerallyincludeeitherslip-weakeningbehavior, i.e., the

shearstrengthdecreasesasslip occurs,or acombinationof slip-weakeningandrate-weakening,i.e., initially,

the shearstrengthdropswith slip in responseto slip-weakeningandthenreturnsnearits original level as

the slip rate decreases.For over twenty yearsthe slip-weakening friction model hasbeenusedto study

the frictional sliding associatedwith earthquakes. Burridge et al. (1979) useda slip-weakening friction

modelto studystablepropagationof mode-II shearcracks. More recently, Langeret al. (1996)postulated

that inertial dynamicsplayedan integral role in the complex distributionsof slip in earthquakes,basedon
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observationsof chaoticsequencesof largeandsmalleventsin two-dimensionalelastodynamicsmodelswith

slip-weakeningfriction. Using the boundaryintegral method,MadariagaandCochard(1996)examineda

two-dimensionalanti-planecrack and discoveredheterogeneityoccurredon smoothfaults with slip- and

rate-weakeningfriction. MadariagaandCochardsuggestedthatstressheterogeneityoccurswhenthefriction

modelallowsadynamicstressdropsignificantlylargerthantheaveragestressdrop.

With animprovedboundaryintegralmethod,FukuyamaandMadariaga(1998)successfullyexaminedthe

three-dimensionalfeaturesof slip on aplanarcrackin ahomogeneouselasticmedium.They concludedthat,

in friction modelswith slip- andrate-weakening,theslip-weakeningfriction is importantat theleadingedge

of the rupture,while the rate-weakeningfriction influencesthe healingstage.Furthermore,Fukuyamaand

Madariagafoundthathealing(recoveryof theshearstressonthefault)mayoccurin simulationswithoutrate-

weakeningin the presenceof shearstressasperities.The useof boundaryintegralslimits the applicability

of the methodto simple geometricaldomainsand variationsin the materialproperties. Madariagaet al.

(1998)formulatedappropriateboundaryconditionsfor thefinite-differencemethodto studydynamicfailure

on planarfaultsin three-dimensionaldomainsanddemonstratedthat themethodreproducesthewell known

behavior of simple rupturemodels. The useof finite-differencesmarked a dramaticimprovementin the

applicabilityof themethodsusedto implementdynamicrupturesbecauseit allowedheterogeneousmaterial

properties;however, the formulationrestrictedthealignmentof the fault planeto the finite-differencegrid.

Consequently, themethoddid notallow ruptureon faultsinclinedwith respectto thefinite-differencegrid.

A simulationof the 1992 Landersearthquake by Olsenet al. (1997) demonstratedthe ability of this

finite-differencemethodanda slip-weakeningfriction modelto producereasonablerupturebehavior. The

simulationgenerateda confinedrupturepulseconsistentwith the kinematicsourcemodelsandreproduced

the main long-periodfeaturesof the waveforms. Olsenet al. couldnot determinewhetheror not a friction

modelwith slip- andrate-weakeningor variationof thecharacteristicslip-weakeningdistancewould improve

the fit of the groundmotionsto the recordeddata. Othersimulationswith a slip-weakeningfriction model

alsogeneraterealisticruptures.Oglesbyet al. (1998)usedthefinite-elementmethodto studythedifference

betweenruptureson two-dimensionalnormalfaultsandthrustfaultsin ahomogeneousmedium.They found

largermotionson the hangingwall comparedto the footwall thatareconsistentwith recordedgroundmo-

tions.HarrisandDay(1999)explainedthepropagationacrossanechelonof faultsfor therupturein the1992

Landersearthquake usinga three-dimensionalfinite-differencemethod.Using the sametechnique,Magis-

traleandDay (1999)investigatedrupturespropagatingacrossanechelonof thrustfaults. In bothcasesthe

boundaryconditionsassociatedwith the implementationof the earthquake sourceforcedalignmentof the

faultsalongthefinite-differencegrids.

In contrastto thesimulationsusingstate-ratefriction models,all of thesimulationswith slip-weakening

or slip- andrate-weakeningfriction modelsassumeuniform effective normalstresses.The useof the slip-

weakening friction modeland the slip- andrate-weakening friction model do not constrainthe variations

of theeffective normalstresseswith depth.Consequently, we will examinewhatconstraintson the friction



5

model may be requiredto producerealistic ruptureswhen we apply reasonableshearand normal stress

distributionswith depth.Additionally, wewill show thatintroducingslidingdegreesof freedomin thefinite-

elementmodelsallows simulationof dynamicfailure on an arbitrarily orientedfault surface. Using this

implementationof the earthquake sourceandfollowing the constraintsimposedon the friction model,we

will determinethe sensitivity of the rupturebehavior and groundmotionsto systematicvariationsof the

initial shearstresses,friction model,fault depth,andlocationof the hypocenter. With this informationwe

comparetherupturebehavior from thedynamicfailuresimulationswith ourprescribedrupturesandpropose

modificationsto theprescribedrupturesthatwould leadto morerealisticgroundmotions.

1.2 Organization

Chapters2–4discusstheframework thatweusein theearthquakesimulationsin thelaterchapters.Chapter2

outlinesthe generalmethodologyof the simulations. Chapter3 focuseson the issuesrelatedto parallel

executionof thesoftware. We discusstheenergy balanceof earthquakesin chapter4 anddeterminewhich

formsof energy we cancomputein our simulations.Chapter6 summarizesthevalidationof thesimulation

softwarewith bothdynamicandstaticsolutions.In chapter7 wepresenttheresultsfrom asensitivity studyof

long-periodnear-sourcegroundmotionscomputedusingprescribedruptures.Weassessthesensitivity of the

groundmotionsto fiveearthquakesourceparametersanddiscusstheimplicationsfor earthquakeengineering.

Chapter8 beginsourstudyof dynamicfailuresimulationsby outliningthesoftwareimplementationof the

dynamicrupturesanddiscussingsomeof thegeneralfeaturesof therupturedynamics.Usingahomogeneous

half-space,chapter9 summarizesseveralof thenumericalaspectsof dynamicruptures,includingtheeffects

of changingthe distribution of the effective normalstresseswith depth. We demonstratehow variationof

thecoefficient of friction with depthproducesrealisticbehavior whentheeffective normalstressesincrease

with depth.Chapter10 extendsourdiscussionof dynamicfailureto a layeredhalf-space.We examinesome

of the implicationsof usinga layeredversusa homogeneoushalf-spaceandconducta sensitivity studyof

near-sourcegroundmotionsusingdynamicfailure with variationsin the initial conditionsandthe friction

model. Finally, chapter11 summarizesthe findingsof thesensitivity studiesandsuggestsareasfor further

study.
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Chapter 2 GeneralMethodology

We want to simulateslip on a fault in an efficient mannerand to computethe groundmotionsin a given

domain.Becausewe arefocusingprimarily on near-sourcegroundmotions,thedomainof interestincludes

thegroundsurfacein theregion surroundingthefault, thefault itself, andeverythingin between.We model

theslip on thefault to createtheearthquakeandmodelthewavepropagationto computethegroundmotions

in thedomain.

2.1 Governing Equations

We solve for thedisplacementtimehistoriesin thethree-dimensionaldynamicelasticityequationasgivenin

index notationby equation(2.1)whereλ andµ areLame’sconstants,u denotesdisplacement,andρ denotes

massdensity. We subjectthedomainto theappropriateboundaryconditionsasdiscussedin section2.2.1.

λuk - kjδi j . µ
(
ui - j j . u j - i j *0/ ρüi (2.1)

In practicewe cannotfind closed-formsolutionsto equation(2.1) for geometricallycomplex mediawith

heterogeneousproperties.We must turn to numericalmethods,suchasthe finite-elementmethod,to find

thedisplacementtime histories.Althoughseveralcomputationallyefficientmethodshavebeendevelopedto

synthesizegroundmotionson finite faultswith prescribedslip in a layeredhalf-space(Heaton1995),weuse

thefinite-elementmethodbecausewe intendto extendthesoftwareto simulationswith dynamicruptureand

three-dimensionalmaterialproperties.UsingLagrangeequationsandthefinite-elementmethod,thedynamic

elasticityequationbecomesthematrix equationgivenby equation(2.2),where
%
M
&
,
%
C
&
, and

%
K
&

denotethe

mass,damping,andstiffnessmatrices,respectively, and
�
F
 

is theforcevector.1 We will discusseachterm

in detailbelow. %
M
&1�

ü
(
t *  . %C&1� u̇ ( t *  . %K &2� u ( t *  / �

F
(
t *  (2.2)

2.2 Integration of Differ ential Equation

Thecentral-differenceschemeprovidesanefficient meansby which to numericallyintegratethematrix dif-

ferentialequation.Equation(2.3)givestheexpressionsfor thevelocity,
�
u̇
(
t *  , andacceleration,

�
ü
(
t *  , at

1Thedetailsaregivenin mostfinite-elementtexts, suchasRao(1999).
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time t asa functionof thedisplacementsat time t + ∆t, t, andt . ∆t, where∆t denotesthetimestep.�
u̇
(
t *  / 1

2∆t

(3�
u
(
t . ∆t *  + � u ( t + ∆t *  * (2.3)�

ü
(
t *  / 1

∆t2

(4�
u
(
t + ∆t *  + 2

�
u
(
t *  . � u ( t . ∆t *  * (2.4)

Substitutinginto the equationof motion (equation(2.2)) andsolving for the displacementsat time t . ∆t

yields 5
1

∆t2

%
M
& . 1

2∆t

%
C
&768�

u
(
t . ∆t *  / �

F
(
t *  . 5

2
∆t2

%
M
& + %K &968� u ( t *  + 5

1
∆t2

%
M
& + 1

2∆t

%
C
& 6 �

u
(
t + ∆t *  ;: (2.5)

If we take the massanddampingmatricesto bediagonalandconstant,the left-handsideof equation(2.5)

involvesa constant,diagonalmatrix, so that solving for thedisplacementvectorat time t . ∆t doesnot re-

quirematrix factorization.Additionally, computingthe right-handsidenecessitatesonly onematrix-vector

multiplication;all of theothercomputationsareoperationson eithervectorsor diagonalmatrices.Because

the central-differenceschememinimizesthe numberof matrix-vectorcalculationsandmatrix-vectorcom-

putationsrequiresignificantlymoreoperationsthanvectorcomputations,in this case,thecentral-difference

schemeprovidesanefficient techniquefor numericalintegration. For stability of thenumericalintegration,

thetimestepmustbelessthanthetimenecessaryfor thefastesttravelingwaveto propagatebetweennodes—

thatis, theCourant-Friedrich-Lewy parametermustbelessthan1.0. Consequently, in orderto avoid unnec-

essarilysmall time steps,we want the elementsto be aslargeaspossible,which is alsodesirablefrom the

standpointof minimizing thenumberof elementsin themesh.

2.2.1 Boundary Conditions

Ourdomainencompassesonly aminusculefractionof theearth.Wemustthereforeapplyappropriatebound-

aryconditionsto compensatefor thetruncationof thedomain.Wemodelthegroundsurfaceasafreesurface

andcreatenon-reflectingboundariesonthelateralsidesandbottomof thedomain.Thenon-reflectingbound-

ariesapproximatethebehavior of thewavescontinuingto propagatepasttheedgesof thedomain.Weabsorb

the outgoingwavesby placingdamperson the absorbingboundariesasdiscussedbelow in section2.3.3.

While thedampersabsorbnearlyall of theenergy of thepropagatingwaves,they donotprovidethestiffness

that would exist if we did not truncatethe domain;the absorbingboundariesact asfree surfaceswhenthe

velocitieson the boundaryarezero. As a result,the final displacementsdependon the sizeof the domain.

But this dependency becomessmallasthedomainsbecomelarge.Furthermore,thegroundmotiontimehis-

tories,not thefinal displacements,aremostimportant,andthe lack of stiffnessat theabsorbingboundaries

hasminimal impacton thedynamicdisplacements.Consequently, theabsorbingboundariesallow truncation
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of thedomainwith minimal adverseeffectson thesolution.

2.3 Discretization

Efficientcomputationwith thefinite-elementmethodrequireschoosingtheappropriatetypeof finite-element.

Choosingthe appropriateelementwill, in most cases,reducethe errorsin the computation,the memory

storagerequirements,andthecomputationtime. Theconstraintsimposedby solvingthedynamicelasticity

equationinclude the needto vary the nodespacingto matchvariationsin the materialpropertiesand to

minimizethememorystoragerequirementsof theglobalmatrices.For linearelements,suchasahexahedron

with six nodesand a tetrahedronwith four nodes,reducinginterpolationerrors to lessthan five percent

requiresusing ten nodesper shearwavelength(Bao et al. 1998). Ideally, we want the finite-elementsto

satisfythiscriterionof tennodesperwavelengththroughouttheentiredomain.

We coulduseelementsof thesamesizethroughoutthedomainwith theappropriatenodespacingfor the

slowestshearwavespeed.Thiswouldbethemoststringentoption.But thisleadsto meshesthatcontainmany

timesthe optimal numberof elementsandnodesandrequiresextremelysmall time stepsin the numerical

integration.Thisphenomenonis themajorshortcomingof usingthefinite-differencemethod,whichrelieson

uniform grid spacing.Becausewavelengthis proportionalto wave speed,we want thenodespacingto vary

directly with theshearwave speed.Typically theshearwave speedvariesfrom 4500m/secat thetop of the

mantle(ata depthof 30km) to lessthan700m/secat thesurface.As a result,to minimizethemeshsizeand

computationaleffort whensimulatingwave propagationwith minimal artificial dispersionrequiresthenode

spacingat thesurfaceto belessthanone-sixththenodespacingatadepthof 30km. We alsowish to impose

theconstraintthat themeshshouldnot leadto inefficient useof memoryor to excessive computationtime.

Thestiffnessmatrix which is theonly non-diagonalmatrix,dominatesthememorystoragerequirements,so

we wish to minimizeits sizeby minimizing thetotal numberof degreesof freedomandtheaveragenumber

of coupleddegreesof freedom.

When modelingthree-dimensionaldomainswith finite-elements,the two main choicesinclude hexa-

hedral(six-sided)elementsandtetrahedral(four-sided)elements.Hexahedralelementsgenerallyresult in

mesheswith repeatingstructures,which makemeshgenerationsimple,while tetrahedralelementsgenerally

resultin mesheswith little or norepeatingstructureandmakemeshgenerationextremelycomplex, especially

in threedimensions.Theuseof meshgenerationsoftware,suchasStructuralDynamicResearchCorpora-

tion’s IDEAS, alleviatesthis difficulty. Severalsignificantadvantagesleadto thechoiceof usingtetrahedral

elements.Themostcompellingreasonto usetetrahedraover hexahedrais the improvedability to vary the

nodespacingwithin thedomain.Thestructurednatureof hexahedralmeshesinhibitsadjustinglocalelement

sizesindependentlyof thesurroundingelements,while theunstructurednatureof tetrahedralmeshesallows

adjustingthe local nodespacingwith minimal effects on the surroundingelements.A secondadvantage

involvesthecouplingamongthedegreesof freedom.A linearhexahedralelementin a uniform grid shares
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nodeswith 26 otherelements.With threetranslationaldegreesof freedompernodeandall degreesof free-

domcoupledwithin an element,eachdegreeof freedomis typically coupledto 81 degreesof freedom. In

a meshof approximatelyuniformly sizedtetrahedralelements,eachdegreeof freedomis typically coupled

to only 40 degreesof freedom.This meansthat thestiffnessmatrix for a tetrahedralmeshrequiresroughly

half thememoryasthat for a hexahedralmeshwith thesamenumberof nodes.For thesereasonswe usea

tetrahedralfinite-element.

If we comparea lineartetrahedralelement,which hasfour nodes,to a parabolictetrahedralelement(ten

nodes),we find thatuseof the parabolicelementrequiresmorememory. For a parabolicelement,limiting

interpolationerrorsto lessthanfivepercentrequires9.4nodesperwavelength(Baoetal.1998),sotheelement

edgesareapproximatelytwice aslong but thenodespacingis nearlythesame.With tennodesperelement,

thenumberof coupleddegreesof freedomincreasesdramaticallycomparedto thelineartetrahedralelement,

sothatthestiffnessmatrix for a meshwith parabolictetrahedralelementsrequiresmuchmorememorythan

theonefor a meshwith linear tetrahedralelements.We thereforechoosethelinear tetrahedralelementover

theparabolictetrahedralelement.

With a linear tetrahedralelementasshown in figure2.1, we may exactly representa linear variationin

displacementwithin theelementwith theshapefunctionsgivenin equation(2.6),whereV is thevolumeof

theelement,andVi is thevolumeof thetetrahedronformedby thepoint P andall nodesexceptnodei. For

example,V1 denotesthevolumeof thetetrahedronformedby pointP andnodes2, 3, and4.

N1 / V1
V N2 / V2

V N3 / V3
V N4 / V4

V
(2.6)

Face 2

Face 1

Face 4

Face 3

31

2

4

Figure2.1: Nodeandfacenumberingof a tetrahedralfinite-element.

Theprocessof convertingthethree-dimensionalelasticityequation(equation(2.1))into thematrixdiffer-

entialequation(equation(2.2))yieldstheexpressionsfor theelementmatrices.Rao(1999)providesdetailed

developmentof thecalculations,soin thefollowing sectionswewill discussonly thefinal implementationof

thematrixcomputations.We assumethatthematerialpropertiesdo notvarysignificantlywithin anelement,

sothatwe mayassumehomogeneousmaterialpropertieswithin theelementandusethematerialproperties
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at theelementcentroid.

2.3.1 MassMatrix

For efficient integrationof thedifferentialequationusingthecentral-differenceschemewe wanta diagonal

massmatrix. We convert theconsistentelementmassmatrix to the lumpedelementmassmatrix (diagonal

matrix) given in equation(2.7) by requiringthatbothmatricesyield the sameinertial forcesfor rigid body

accelerationsalongeachglobalcoordinatedirection."
Me # / ρVe

4

"
1 1 1 1 1 1 1 1 1 1 1 1

#
(2.7)

Note that this matrix dependsonly on the volume of the element,Ve, and not explicitly on the relative

locationsof the nodes. We storethe diagonalmatrix using a row vector as indicatedby the notationin

equation(2.7).

2.3.2 StiffnessMatrix

The samemethodthat producedthe consistentmassmatrix also gives us the expressionfor the element

stiffnessmatrix shown in equation(2.8), whereVe is the volumeof anelement,
%
D
&

is the elasticitymatrix

relatingthestressesto thestrains(equation(2.9)),and
%
B
&
is thematrixof thederivativesof theshapefunctions

(equation(2.10)).Weassumethatthestrainsandrotationsremainsmalleverywheresothatwemayuselinear

elasticity. %
Ke& / Ve %B& T %D &4%B& (2.8)

%
D
& /

<============>
λ . 2µ λ λ 0 0 0

λ λ . 2µ λ 0 0 0

λ λ λ . 2µ 0 0 0

0 0 0 µ 0 0

0 0 0 0 µ 0

0 0 0 0 0 µ

?A@@@@@@@@@@@@B (2.9)
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%
B
& / 1

6Ve

<============>
b1 0 0 b2 0 0 b3 0 0 b4 0 0

0 c1 0 0 c2 0 0 c3 0 0 c4 0

0 0 d1 0 0 d2 0 0 d3 0 0 d4

c1 b1 0 c2 b2 0 c3 b3 0 c4 d4 0

0 d1 c1 0 d2 c2 0 d3 c3 0 d4 c4

d1 0 b1 d2 0 b2 d3 0 b3 d4 0 b4

?A@@@@@@@@@@@@B (2.10)

The constantsin the expressionfor
%
B
&

(ai , bi, ci , anddi) arethe cofactorsof the termsin the determinant

for the volume of an elementgiven by equation(2.11), where
(
xi ) yi ) zi * denotesthe coordinatesof node

i. Equation(2.12)shows the expressionsfor four of the cofactors;the othercofactorsmay be found from

permutationsof thesefour.

Ve / 1
6

<======> 1 x1 y1 z1

1 x2 y2 z2

1 x3 y3 z3

1 x4 y4 z4

?A@@@@@@B (2.11)

a1 /DCCCCCCCCC
x2 y2 z2

x3 y3 z3

x4 y4 z4

CCCCCCCCC
b1 / + CCCCCCCCC

1 y2 z2

1 y3 z3

1 y4 z4

CCCCCCCCC
c1 / + CCCCCCCCC

x2 1 z2

x3 1 z3

x4 1 z4

CCCCCCCCC
d1 / + CCCCCCCCC

x2 y2 1

x3 y3 1

x4 y4 1

CCCCCCCCC
(2.12)

Becausethe materialpropertymatrix is symmetric,we have a symmetricelementstiffnessmatrix, and

assemblyinto the globalstiffnessmatrix alsoproducesa symmetricmatrix. As mentionedpreviously, in a

finite-elementmeshwith lineartetrahedralelements,typically eachdegreeof freedomis coupledto approxi-

mately40 others.For a stiffnessmatrix with anywherefrom hundredsof thousandsto millions of degreesof

freedom,relatively few entriesin thematrix arenonzero.Theunstructurednatureof thefinite-elementmesh

makesit nearlyimpossibleto numberthedegreesof freedomin sucha way asto createa uniformly banded

stiffnessmatrix. Therefore,we chooseto storeasa row vector(datavector)only the nonzerotermsin the

upperhalf of the symmetric,sparsestiffnessmatrix. In order to find the locationof eachentry in the full

matrix in thedatavector, we alsostoretheindex whereeachrow in thefull matrix beginsin thedatavector

andthecolumnin the full matrix of eachentry in thedatavector. Figure2.2 demonstratesthestorageof a

5x5symmetric,sparsematrix.

2.3.3 Damping Matrix

Thedampingmatrix containscontributionsfrom two sources:materialdampinganddampersplacedon the

boundariesto preventartificial reflectionsof the propagatingwaves. We assumethat the materialdamping
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Figure 2.2: Storageexamplefor a 5x5 symmetric,sparsematrix. We follow the C/C++ conventionand
numberthe rows andcolumnsstartingwith 0. We find the entry -3 in row 1, column4 (highlightedby the
box) by looking up in the Rows arraywhererow 1 starts. We thenperforma linear searchuntil we find
column4. The index in the Columnsarrayin which we foundcolumn4 indicateswhich index in the data
arraycontainstheentrywe want.

maybecreatedfrom scalingthemassandstiffnessmatricesasshown by equation(2.13).%
C
& / Cm

%
M
& . Ck

%
K
&

(2.13)

We neednot restrictourselvesto usingthe global matricesin equation(2.13); usingthe elementmassand

stiffnessmatricesallows local variationsin thedampingindependentof variationsin massandstiffness.

Mass-Proportional Damping

Mass-proportionaldampingappliesmore dampingto the lowest modesof the domain. Equation(2.14)

illustrateshow thepercentof critical damping,ζm, variesasa functionof frequency, ω, for a givenlevel of

mass-proportionaldamping,Cm.

ζm / Cm

2ω
(2.14)

This meansthat waves with longer wavelengthsare subjectedto more dampingthan thosewith shorter

wavelengths.The earthattenuateshigher frequenciesmore than lower frequencies,so we uselittle or no

mass-proportionaldamping.Becauseweuseadiagonalmassmatrix,mass-proportionaldampingcontributes

only termson the diagonalto the dampingmatrix, whetheror not we allow local variationsin Cm (using

equation(2.13)with theelementmatrices).Thisdoesnotadverselyaffect thecomputationalefficiency of the
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central-differenceschemebecauseadiagonaldampingmatrixdoesnotintroduceany additionalmatrix-vector

multiplicationswhich dominatethecomputationeffort ateachtimestep.

Stiffness-Proportional Damping

Stiffness-proportionaldampingmoreeffectively dampshighermodesof thedomain.Equation(2.15)shows

how the percentof critical damping,ζk, variesasa functionof frequency, ω, for a given level of stiffness-

proportionaldamping,Ck.

ζk / 1
2

Ckω (2.15)

In otherwords,stiffness-proportionaldampinghasthe oppositetrendwith respectto frequency that mass-

proportionaldampinghas;with stiffness-proportionaldamping,theshorterwavelengthsreceivemoredamp-

ing than the longer wavelengths,so it more closely resembleswhat occursin the earth. Unfortunately,

stiffness-proportionaldampinggreatly reducesthe efficiency of the central-differenceintegrationscheme,

becauseit contributesoff-diagonaltermsto thedampingmatrix. If we allow local variationsin Ck, we must

formulateanadditionalsparsematrix to storethedampingmatrix,whichnearlydoublesthememorystorage

requirements.It alsodestroys the efficiency of the central-differenceequationbecausewe mustfactor the

left-handsideof equation(2.5). Therefore,we do not allow local variationsin Ck. If we restrictourselvesto

a uniformCk, we maysolve thematrix differentialequationwithout storinganadditionalsparsematrix. We

do soby adjustingtheformulationof thecentral-differenceschemeasshown by equation(2.16),where
%
Cm
&

denotesthediagonaldampingmatrixcomingfrom mass-proportionaldamping.5
1

∆t2

%
M
& . 1

2∆t

%
Cm
& 6 �

u
(
t . ∆t *  / �

F
(
t *  . 5

2
∆t2

%
M
& + %K & 6 � u ( t *  + 5

1
∆t2

%
M
& + 1

2∆t

%
Cm
& + 1

∆t
Ck
%
K
&768�

u
(
t + ∆t *  ;: (2.16)

We have approximatedthevelocity for thestiffness-proportionaldampingtermat time t usingthedisplace-

mentsat time t andt + ∆t asshown by equation(2.17),insteadof theusualtimest . ∆t andt + ∆t, to prevent

thestiffness-proportionaldampingtermfrom appearingon theleft-handside.�
u̇
(
t *  / 1

∆t

(4�
u
(
t *  + � u ( t + ∆t *  * (2.17)

Noticethateachtimestepnow involvestwo matrix-vectormultiplications,effectively doublingthecomputa-

tion time. For this reason,thesoftwaredoesnot currentlyimplementstiffness-proportionaldamping.
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Absorbing Boundary

Dampersplacedon the lateralsidesandbottomof the meshpreventpropagatingwavesfrom reflectingoff

the boundariesandcontaminatingthe solution inside the domain. For planedilatationalandshearwaves

propagatingnormalto the boundary, the dampersmay absorbthe wavescompletelyif the dampersfor the

normaldegreesof freedomaretunedto thedilatationalwavespeedandthedampersfor thetangentialdegrees

of freedomaretunedto theshearwave speed.This methodalsoworks reasonablywell for incidentangles

otherthan90 degrees(Cohen1980). For anelementwith face3 (seefigure2.1) on anabsorbingboundary

alignedwith the yz plane,equation(2.18) gives the elementdampingmatrix, whereρ denotesthe mass

density, A denotestheareaof the faceon theboundary, andα andβ denotethedilatationalandshearwave

speeds,respectively.

%
Ce& / ρA

12

<==============================>

2α 0 0 α 0 0 0 0 0 α 0 0

0 2β 0 0 β 0 0 0 0 0 β 0

0 0 2β 0 0 β 0 0 0 0 0 β

α 0 0 2α 0 0 0 0 0 α 0 0

0 β 0 0 2β 0 0 0 0 0 β 0

0 0 β 0 0 2β 0 0 0 0 0 β

0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0

α 0 0 α 0 0 0 0 0 2α 0 0

0 β 0 0 β 0 0 0 0 0 2β 0

0 0 β 0 0 β 0 0 0 0 0 2β

?A@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@B

(2.18)

Althoughwerequiretheabsorbingboundariesto bealignedwith acoordinateaxisasdiscussedin section2.6,

wechooseto formulatetheboundaryconditionwithout thisartificial constraint.Consequently, we formulate

the elementdampingmatrix basedon the normaldirectionof the face,so thatwe completelyabsorbshear

anddilatationalwavespropagatingnormalto theboundary. Becauseweusetetrahedralelements,threenodes

defineafaceof thetetrahedron,soknowing thelocationof thethreenodesfor a faceuniquelydeterminesthe

normaldirection.We form theelementdampingmatrix in thenormalandtangentialcoordinateframeof the

faceandthentransformtheelementdampingmatrix to theglobalcoordinateframe.

Theabove procedureresultsin a non-diagonaldampingmatrix, which we wish to avoid sothatwe may

usethe central-differenceschemewithout factoringany matrices. We know that the nodespacingwill be

chosento satisfythe ten nodesper wavelengthrequirement,so we may assumethat the wavelengthof the

wave hitting the boundarywill be much greaterthan the nodespacing. This meansthat the velocitiesat

the nodesof an elementfaceon the absorbingboundarywill be approximatelythe same,andwe may use
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equivalentrigid body velocitiesto convert the full dampingmatrix to a lumped(diagonal)dampingmatrix

withoutsignificantlydecreasingtheeffectivenessof theabsorbingboundary. Thisis thesamemethodthatwe

usedto lump themassmatrix in section2.3.1,exceptthatherewe userigid bodyvelocitiesinsteadof rigid

bodyaccelerations.

2.4 Model of Fault

Realisticgroundmotionsrequireaccuratemodelingof theslip on the fault. Prescribedrupturesnecessitate

explicit controlof theslip at everypointon thefault at all times.Similarly, simulationswith dynamicfailure

requirecontrolof thefriction on thefault. Doublecouplestypically areusedto modeltheearthquakesource

by applyingforcesto createlarge strainsthat approximatedislocationson the fault surface. A discretized

domainrequiresapplying the forcesover a discretelength to createthe couples. This distributesthe slip

acrossa discretelength,which is usuallythenodespacing,creatinga “f ault zone.” For a nodespacingwith

ten nodesper wavelengthandshearwaveswith periodsof onesecondor more,the slip will be distributed

overa muchwider region thanwe observe in nature.Additionally, in anunstructuredmeshthenodesdo not

naturallylie wherewewantto placetheforcesto generatethedoublecouples.Usingdoublecouplesalsodoes

not lenditself to implementingdynamicfailureon thefault. Theseshortcomingsof doublecouplesinspired

thedevelopmentof analternativemethodfor modelingtheearthquakesource.Thefollowing sectionsoutline

the useof slip degreesof freedomto modelslip on the fault in a way thatworks well both for simulations

with prescribedrupturesandfor simulationswith dynamicfailure.

2.4.1 Slip Degreesof Freedom

For slip on thefault we wantto imposea dislocationin thefinite-elementmodel. In thecaseof a prescribed

rupturewe wish to specify the relative motion of onesideof the fault with respectto the othersidewhile

allowing propagationof wavesacrossthe fault. We may accomplishthesetasksby incorporatingthe fault

planeinto thegeometryof thefinite-elementmodel.This interiorsurfacegivesstructureto thefinite-element

meshso that no elementsstraddlethe fault plane. Instead,elementson eithersidesharecommonfaceson

the fault plane,asillustratedby figure 2.3. We give doublethe usualnumberof degreesof freedomto all

the nodeson the fault planeto allow oneside to move relative to the otherside; eachfault nodehassix

translationaldegreesof freedomthataresplit suchthateachsideof thefaulthasthreedegreesof freedom,as

shown in figure2.3.

If wetransformto relativeandaveragedegreesof freedom,wegainexplicit controlof therelativemotion

acrossthefault. We will denotethe threedegreesof freedomcorrespondingto thepositive sideof the fault

plane2 by ux1, uy1, anduz1, andthosecorrespondingto thenegativesideof thefaultplaneby ux2, uy2, anduz2.
2We follow the convention that the normalvector for the fault points towardsthe hangingwall, andthe hangingwall lies on the

positive sideof thefault plane.
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6 degrees of
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Face on fault surface

zoom

Figure2.3: Model of thefault planein thefinite-elementmesh.Theleft portionshows thealignmentof the
elementson the fault plane. The right portion providesa closeupof a nodeto demonstratehow eachnode
containssix translationaldegreesof freedomto allow thesidesof thefault to moverelative to eachother.

Equation(2.19)shows how to transformfrom theglobaldegreesof freedomto relative andaveragedegrees

of freedomusinganorthogonalmatrix. Usinganorthogonalmatrix allows us to usethetransposeto invert

thetransformation. GHHHHHHHHHHHHI HHHHHHHHHHHHJ
ux1 , x2

uy1 , y2

uz1 , z2

ux1 K x2

uy1 K y2

uz1 K z2

L HHHHHHHHHHHHMHHHHHHHHHHHHN
/
<============>

1O
2

0 0 + 1O
2

0 0

0 1O
2

0 0 + 1O
2

0

0 0 1O
2

0 0 + 1O
2

1O
2

0 0 1O
2

0 0

0 1O
2

0 0 1O
2

0

0 0 1O
2

0 0 1O
2

?A@@@@@@@@@@@@B

GHHHHHHHHHHHHI HHHHHHHHHHHHJ
ux1

uy1

uz1

ux2

uy2

uz2

L HHHHHHHHHHHHMHHHHHHHHHHHHN
(2.19)

We do not want to restrict the alignmentof the fault planeto any oneof the global coordinateplanes.

If we rotatefrom the global coordinateframeto the fault coordinateframebeforetransformingto slip and

relativedegreesof freedom,wewill allow arbitraryorientationof thefaultplane.Giventhepredominantslip

directionin thefaultplaneandthefaultnormal,wedefinethefaultcoordinateframeby afixeddirectionin the

faultplane,selectedto coincidewith thedirectionof dominantslip (first coordinate),thedirectionin thefault

planeperpendicularto the dominantslip direction(secondcoordinate),andthe positive fault normal(third

coordinate).In prescribedruptureswesettheslip in thedominantslip direction.In simulationswith dynamic

failure we apply the sheartractionson the fault surfacein the directionof the dominantslip, althoughslip
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mayoccurin any directiononthefaultplane.Equation(2.20)demonstrateshow to transformfrom theglobal

coordinatesto therelativeandaveragecoordinatesin thefaultplane,where
%
Tslip

&
is the6x6orthogonalmatrix

given in equation(2.19)andTfault is the 6x6 rotationmatrix given in equation(2.21),which transformsthe

degreesof freedomfrom theglobalcoordinates,
(
x ) y) z* , into thefault planecoordinates,

(
p ) q ) r * . Figure2.4

shows theorientationof thefault planecoordinatesrelative to theglobalcoordinates.GHHHHHHHHHHHHI HHHHHHHHHHHHJ
up1 , p2

uq1 , q2

ur1 , r2

up1 K p2

uq1 K q2

ur1 K r2

L HHHHHHHHHHHHMHHHHHHHHHHHHN
/ %

Tslip
& <> % Tfault

& %
0
&%

0
& %

Tfault
& ?B

GHHHHHHHHHHHHI HHHHHHHHHHHHJ
ux1

uy1

uz1

ux2

uy2

uz2

L HHHHHHHHHHHHMHHHHHHHHHHHHN
(2.20)

%
Tfault

& / <===> cosλsinφ + sinλcosδcosφ cosλcosφ . sinλcosδsinφ sinλsinδ+ sinλsinφ + cosλcosδcosφ + sinλcosφ . cosλcosδsinφ cosλsinδ

sinδcosφ + sinδsinφ cosδ

?A@@@B (2.21)

slip angle

azimuth

λ

φ

dip angle
δ

strike direction

q

r, fault normal

p, slip direction

x, east

y, north

z, up

Figure2.4: Fault geometryrelative to theglobalcoordinateaxes.

Theuseof theslip degreesof freedomallowsexplicit controlof therelativemotion. In prescribedruptures

we simply setthe slip degreesof freedomat eachtime stepasdescribedin chapter5, while in simulations

involving dynamicfailurewe settheforcesactingon theslip degreesof freedombasedon frictional sliding

asdescribedin section8.1. In bothcaseswe preventthefault from openingby settingtherelative degreeof
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freedomin thedirectionnormalto thefault to zeroat all timesteps.

2.4.2 Modification to ElementMatrices

For elementsthat containoneor morenodeson the fault, the slip degreesof freedomdo not matchthose

usedfor the elementmatrices,so we must transformthe elementmassand stiffnessmatricesderived in

section2.3.1andsection2.3.2toaccountfor theslipdegreesof freedom.Weassumenodampingisassociated

with elementsthathaveslipdegreesof freedom,sothattheseelementsdonotcontributeto theglobaldamping

matrix. We transformtheusualtwelve elementdegreesof freedomalignedwith theglobalcoordinateaxes

to themodifiedelementdegreesof freedomusingthetransformationmatrix givenby equation(2.22),where%
Tfault

&
is definedabove by equation(2.21). If the elementlies on the positive sideof the fault plane,then

C / . 1, andif theelementlieson thenegativesideof thefault plane,thenC / + 1.

%
Tel
& /

<======> %T1
& %

0
& %

0
& %

0
&%

0
& %

T2
& %

0
& %

0
&%

0
& %

0
& %

T3
& %

0
&%

0
& %

0
& %

0
& %

T4
&
?A@@@@@@B where (2.22)

%
Ti
& /

GHHHHHHHHHHHHHHHHHHHHHI HHHHHHHHHHHHHHHHHHHHHJ

<===> 1 0 0

0 1 0

0 0 1

? @@@B if nodei is noton thefault

1O
2

<============>
C 0 0

0 C 0

0 0 C

1 0 0

0 1 0

0 0 1

?A@@@@@@@@@@@@B
P
Tfault Q if nodei is on thefault

(2.23)

Modified ElementMassMatrix

We want the modifiedelementmassmatrix to give the sameinertial forcesfor the sameaccelerations.In

otherwords,if we transforma given accelerationin the usualtwelve elementdegreesof freedominto the

modifiedelementdegreesof freedom,we want the inertial forcesin the modifiedcoordinatesystemto be

equalto transformationof theinertial forcesin theoriginal coordinatesystem,%
Me

slip

&1�
üe

slip

 / %
Tel
&R%
Me&2� üe  ) (2.24)



19

where
%
Tel
&
is givenby equation(2.22).After somesimplemanipulationwe find that%

Me
slip
& / %

Tel
&4%
Me&4% Tel

& T : (2.25)

In section2.3.1we choseto usea lumpedelementmassmatrix for efficient time stepping,so that
%
M
&

is

diagonal.In general,thetransformationof thelumped(diagonal)massmatrixgivenby equation(2.25)leads

to amassmatrixwith off-diagonalterms.Thefollowing exampleshowsthatwemayneglecttheoff-diagonal

termsbecausethey will besmall.

Considera systemwith two degreesof freedomanda lumpedmassmatrix,�
u
 /

GI J u1

u2

L MN (2.26)%
M
& / <>

m1 0

0 m2

?B : (2.27)

Transformingto slip degreesof freedomgives�
uslip

 /
GI J 1O

2

(
u1 + u2 *

1O
2

(
u1 . u2 * L

M
N ) where (2.28)�

uslip
 / %

T
&1�

u
 ) and (2.29)%

T
& / <>

1O
2 + 1O

2
1O
2

1O
2

?B : (2.30)

Usingequation(2.25)to transformthemassmatrix to theslip coordinateframeyields%
Mslip

& / <>
1
2

(
m1 . m2 * 1

2

(
m1 + m2 *

1
2

(
m1 + m2 * 1

2

(
m1 . m2 * ?B : (2.31)

If themasseson eachsideof theslip planeareequal,i.e., if m1 / m2, thenwe have a diagonalmassmatrix.

In our unstructuredmeshthis may or may not be true. Nevertheless,the off-diagonaltermsinvolve the

differencesbetweenthemasseson oppositesidesof theslip plane,while thediagonaltermsinvolve thesum

of themasses;this meansthat the off-diagonaltermswill bemuchsmallerthanthediagonalterms,so that

we mayneglecttheoff-diagonaltermsto createthediagonal(lumped)massmatrix asdesired.To createthe

lumpedmodifiedelementmassmatrix,we simplydistributethelumpedmassesfrom thedegreesof freedom

for nodeson thefault equallybetweentherelativeandaveragedegreesof freedom.
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Modified ElementStiffnessMatrix

We follow the sameanalysisto find the modified elementstiffnessmatrix that we usedto determinethe

modifiedelementmassmatrix. Wewanttheforcesin theslip coordinateframeto beequalto thetransformed

forcesin theoriginal coordinateframefor a givendisplacementfield,%
Ke

slip

&2�
ue

slip

 / %
Tel
&4%
Ke&2� ue  ;: (2.32)

After somesimplemanipulationwe find that%
Ke

slip
& / %

Tel
&4%
Ke&R% Tel

& T : (2.33)

This transformationneitheraddsany additionalconstraintsnoradverselymodifiesthestiffnessmatrix,aswe

will seeby examiningtheeigenvalueandeigenvectorsof theoriginalandmodifiedelementstiffnessmatrices.

Theeigenvalues,λi , andeigenvectors,
�
vi
 
, of theoriginalelementstiffnessmatrix satisfy%

Ke&2� vi
 / λi

�
vi
 ;:

(2.34)

Denotingtheeigenvaluesandeigenvectorsin theslip coordinateframeby λ Si and
�
vSi  , we have%

Ke
slip
&1�

vSi  / λ Si � vSi  T: (2.35)

Substitutingtheexpressionof themodifiedstiffnessmatrixgivenbyequation(2.33)andsimplifyingproduces%
Ke&R% Tel

& T � vSi  / λ Si %Tel
& T � vSi  ;: (2.36)

This is simply theeigenvalueproblemfor theoriginal stiffnessmatrix,where�
vSi  / %

Tel
&1�

vi
 ) and (2.37)

λi / λ Si : (2.38)

Hence,the eigenvaluesof the stiffnessmatrix do not change,andthe eigenvectorsaresimply the original

eigenvectorstransformedto theslip coordinateframe.

2.4.3 AverageSlip and Moment Magnitude

We often categorizeseismiceventsusingthe fault area,the averageslip, andthe momentmagnitude.We

definethefaultareato bethesumof thetributaryareasonthefaultplaneof eachnodeatwhichslip occurred.

With an unstructuredmeshthe tributary areaswill likely vary significantly from nodeto node,especially
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wherethematerialpropertiesvaryoverthefaultplane.Equation(2.39)indicateshow wecomputetheaverage

slip from theslip degreesof freedomby findingtheweightedsumof theslip ateachnodeanddividing by the

fault area,whereN is thenumberof nodesat whichslip occurredandAi is thefault tributaryareafor nodei.

D / ∑N
i U 1DiAi

∑N
i U 1Ai

(2.39)

Themomentmagnitudewhich is definedby

M / logMo + 16
:
05

1
:
5

) where (2.40)

Mo / µAD (all in CGSunits)) (2.41)

dependson theshearmoduluson the fault plane. For heterogeneousmaterialpropertieswe cannotusethe

above expressionfor the moment,Mo, as it stands;we mustsumthe momentsat eachnodeat which slip

occursasshown by equation(2.42).

Mo / N

∑
i U 1

Ne

∑
j U 1

DiµjA j (2.42)

Thetributaryareafor eachnodecomesfrom all elementsthatcontainthenodeandthatalsohave a faceon

thefault surface.Eachelementmayhave a differentshearmodulus,sowe sumtheproductof the tributary

fault areaandshearmodulusover all Ne elementsthat containthe fault node. This expressionfor seismic

momentaccuratelycapturesthevariationin themomentoverthefault for heterogeneityin bothslip andshear

modulus,andreducesto theusualexpression(equation(2.41))in thecaseof uniform slip andhomogeneous

materialproperties.

2.5 Spatial Inter polation

Thesimulationsoftwarerequiresseveralinput parametersthatmayor maynot bedescribedby simplefunc-

tions. In somecaseswe mayonly have a numericalpictureof the dataasdefinedby a setof locationsand

values.This datamaybedistributedalonga line, e.g.,materialpropertiesasasa functionof depth,anarea,

e.g.,slip asa functionof dip andstrike on thefault plane,or a volume,e.g.,materialpropertiesasa function

of locationin thedomain.In any case,we wantto usethevaluesandlocationsgivenby thedatasetto deter-

minevaluesat otherlocationsinsidethedomain,usuallynodesor elementcentroids.This sectiondescribes

themethodusedto interpolatevaluesfrom a givenspatialdistribution of data. Theprocedureaccountsfor

thetopologyof thedatasetandworksfor any locationwherewewantto find thevalues.

Thedatasetprovidesalist of valuesandlocationsin theglobalcoordinateframe.Additionally, werequire

thedatasetto provide a flag indicatingthe topologyof thedata.Figure2.5 shows thedifferenttopologies;
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the datapoints as a group describevariationsin zero dimensions(one point), one dimension(line), two

dimensions(area),or threedimensions(volume).Weassumethevaluesvary linearlybetweendatapoints(as

explainedbelow), sothatwe interpolateusingtheclosestpointsandthecorrespondingvalues.Thenumber

of pointsthatweneeddependsonthespatialvariationof thevalues.For aone-dimensionaldataset,weneed

two points(line segment)to describea linearvariationin thevalues,for a two-dimensionaldatasetwe need

threepoints(triangle),andfor a three-dimensionaldatasetweneedfour points(tetrahedron).For eachgiven

locationat whichwewish to know avalue,we orderthepointsin thedatasetbasedon thedistancefrom the

givenlocation. We usetheclosestpointsthatallow interpolationto find thevalue. If thegivenlocationlies

outsidetheregioncoveredby thedata,we extrapolateusingthenearestlocations.

(a) (b) (c) (d)
Figure2.5: Differenttopologiesof thedataset. (a) Zero-dimensionaldataset(b) One-dimensionaldataset
(c) Two-dimensionaldataset(d) Three-dimensionaldataset

We now describethealgorithmusedin theinterpolation.PointP denotesthelocationwherewe wish to

know thevalueof somequantitys, andsi denotesthevalueof sat point i.

1. If thedatasetcontainsonly onepoint, thenthevalueatpointP is simply thevalueat thedatasetpoint,

andwe aredone.

2. Orderthedatasetbasedon thedistancefrom pointP.

3. Selectthenearestpoint in thedatasetaspoint 1.

4. Selectthenext nearestpoint in thedatasetaspoint2 subjectto theconstraintthatpointP liesbetween

point1 andpoint2. If nosuchpoint2 exists,wechoosepoint2 asthenext closestpoint in thedataset

afterpoint 1.

5. If thedatasetis one-dimensional,then

sp / 1
d

2

∑
i U 1

sidi ) (2.43)
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whered is the distancebetweenpoint 1 andpoint 2, anddi is the distancebetweenpoint P andthe

pointotherthanpoint i asshown in figure2.6.We aredone.

6. Selectthenext nearestpoint in thedatasetaspoint 3, subjectto theconstraintthatpoint P lies inside

thetriangleformedby point1, point 2, andpoint 3. If no suchpoint 3 exists,we choosepoint 3 asthe

next closestpoint in thedatasetafterpoint2.

7. If thedatasetis two-dimensional,then

sp / 1
A

3

∑
i U 1

siAi ) (2.44)

whereA is the areaof the triangleformedby point 1, point 2, andpoint 3, andAi is the areaof the

triangleformedby pointP andtheothertwo pointsbesidespoint i asindicatedin figure2.6(b).Weare

done.

8. Selectthenext nearestpoint in thedatasetaspoint 4 subjectto theconstraintthatpoint P lies inside

the tetrahedronformedby point 1, point 2, point 3, andpoint 4. If no suchpoint exists, we choose

point4 asthenext closestpoint in thedatasetafterpoint3.

9. If thedatasetis three-dimensional,then

sp / 1
V

4

∑
i U 1

siVi ) (2.45)

whereV is thevolumeof thetetrahedronformedby point 1, point2, point 3, andpoint 4, andVi is the

volumeof thetetrahedronformedby point P andthethreeotherpointsbesidespoint i. V1 is shadedin

figure2.6(c).We aredone.
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2.6 Finite-Element MeshCreation

Wedonotattemptto write softwareto generatetheunstructuredfinite-elementmesheswith tetrahedralfinite-

elements.It is not easyto discretizea domaininto tetrahedra,andthecomplexity of theproblemincreases

significantlywhenwe constrainthenodespacingto matchchangesin materialproperties,includethe fault

planeaspartof thedomaingeometry, andforcethetetrahedrato beasregularaspossible.Consequently, we

usethe IDEAS softwarefrom theStructuralDynamicsResearchCorporationto generatethefinite-element

mesh.

The first stepinvolves inputing the geometryinto the IDEAS solid modeler. In addition to the basic

domaingeometry, we alsoincludethe fault planeon which we align theelementfacesasdescribedin sec-

tion 2.4.1andothersurfaceson which we want to force alignmentof the elementfaces.For example,we

usuallyincludethesurfacethatslicesthroughthecenterlineof the fault so thatwe mayoutputinformation

on this surface.For fastermeshgenerationwe subdivide thedomaininto smallerchunks,allowing themesh

generatorto work on only onechunkof thedomainat a time. We definethefinite-elementmodelfrom the

geometryby selectingthefour-nodetetrahedralfinite-elementandspecifyingthenodespacingatappropriate

locationsin thedomain.

Wegeneratethemeshonesub-domainata timeandusetheauto-checkingfeatureof IDEAS to insurethe

qualityof theelementsin themesh.Poor-qualityelementsincludethosewith distortedshapes,which leadto

largernumericalerrors,andelementswith non-optimalnodespacing,whichleadto interpolationerrorswhen

thespacingis too largeandto reducedtime stepswhenthenodespacingis unnecessarilysmall. We export

themeshin universalfile format,which is aplain text file thatis easilyreadby thesimulationsoftware.

We alsouseIDEAS to extract informationregardingwhich nodesandelementfaceslie on given lines

andsurfaces. For example,we want to identify all of the nodeson the fault plane,becausewe usethem

to implementslip of thefault. Similarly, we oftenwantto outputdisplacementtime historieson theground

surfaceor alongstrategically placedlines.For planarsurfaces,only onefaceof anelementliesonthesurface,

anda list of the element’s threenodeson the surfaceuniquelydeterminesthe elementfaceon the surface.

However, for multiplefacesonasurface,all four nodesof anelementlie onthesurfaceandanywherebetween

two andfour facesmaylie on thesurface.

We mustusean additionalcriterion to separatethe extraneousfacesfrom the onesthat we want. We

requirethe fault to be a planarsurface,so that only one faceof an elementmay lie on the fault surface,

andwe do not needanadditionalcriterion. Thesurfaceson which we chooseto outputinformationmayor

maynot be planar. Becauseoutputtinginformationon theseextra surfacesdoesnot affect thesolutionand

becausethepenaltyfor outputtingthis additionalinformationis negligible, we allow theextraneoussurfaces

to remain.Theabsorbingboundariesusuallyhaveplanarsurfacesthatmeetwith elementsontheintersection

having multiple faceson theabsorbingboundary, with theextraneousfacesarbitrarilyorientedrelativeto the

boundary. Theseextra facescouldhampertheeffectivenessof theabsorbingboundary. We eliminatethem
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by constrainingthe lateralsidesof the domainandbottom(absorbingboundaries)to coincidewith oneof

the coordinateaxes. Whenwe formulatethe absorbingboundarywe ignoreany facesthatdo not coincide

with oneof thecoordinateaxes.We useIDEAS to createthegroupsof nodesthatcoincidewith thedesired

geometricentity andexport themaspartof theuniversalfile.
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Chapter 3 Implementation of Parallel Processing

Simulationsthatinvolvehundredsof thousandsto millionsof degreesof freedomrequirehundredsof megabytes

to gigabytesof memoryandbillions of floatingpoint operations.Stateof theart workstationsstill lack the

memorystorageandprocessingpowerto effectively handlesuchlargeproblems.Luckily, parallelcomputing

providesa suitableenvironmentfor solvingsuchproblemsby distributing boththestorageandcomputation

amongmany processors.We do not seekthe optimumparallelsoftwareimplementation,but do strive for

efficientparallelcomputation.

Several methodsandlibrariesexist to aid in writing parallelcomputingsoftware. We choseto usethe

MessagePassingInterface(MPI) which is not a library in itself, but astandardinterfacewhich librariesmay

follow. Somemanufacturersdevelop their own implementationof the MPI in order to optimize the code

for the architectureof the supercomputer, suchasIntel’s MPI on the Intel Paragon.In othercases,a third

partyimplementation,suchasMPICH from ArgonneNationalLaboratory, is used.TheMPI standarddefines

numerousfunctionsto passinformationamongprocessorsandfacilitateinitializing parallelexecution.

3.1 The Center for AdvancedComputing Research Supercomputers

TheCenterfor AdvancedComputingResearch(CACR)at theCaliforniaInstituteof Technologyoverseesthe

useof severalsupercomputers.Initially, we usedtheCACR’s Intel Paragonthathasa total of 512compute

nodes. Eachcomputenodecontainsan Intel i860 XP microprocessorand32 megabytesof RAM and is

capableof executingamaximumof 60Mflops. TheCACRdecidedto retiretheIntel Paragonsupercomputer

in the springof 1999,so we switchedto the CACR’s Hewlett PackardExemplar. The Exemplarcontains

16 hypernodeswith eachhypernodecontaining16 Hewlett PackardPA 8000RISCmicroprocessorsrunning

at 180MHz with a peakcapacityof 720Mflops perprocessor;theprocessorswithin a hypernodesharefour

gigabytesof RAM. Currently, it is thelargestcache-coherentsharedmemorycomputerin theworld.

3.2 Domain Partitioning amongProcessors

We distributethecomputationamongtheprocessorsby parcelingthedomainamongtheprocessors.Ideally

wewantthecomputationloadevenlydistributedamongtheprocessors,sothatweachievemaximumparallel

performance(processorsdo not sit idle and they spendnegligible time communicatingwith eachother).

Thesoftwarefollows thesingleprogram-multipledata(SPMD)modelof parallelexecutionin which every

processorfollows thesamealgorithmbut operateson a differentportionof thedomain. In otherwords,we

divide thefinite-elementmeshinto smallgroupsof elementsandgiveeachprocessoronegroupof elements.
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We mapeachelementto oneprocessor, while thenodesmaybemappedto morethanoneprocessor;nodes

that lie on theboundariesbetweengroupsmustbesharedby theprocessorscontainingelementswith those

nodes.Thelackof a repeatingstructurein mesheswith tetrahedralelementstendsto complicatetheproblem

of partitioning the mesh. We have usedtwo different partitioning strategies: a strategy that parcelsthe

elementsbaseda simplegeometricapproachanda morerefinedstrategy moreappropriatefor unstructured

meshesthatbalancestheloadandminimizesthecommunicationamongtheprocessors.

Inertialbisectionprovidesasimpleandvery fastmethodfor partitioningtheelementsamongtheproces-

sors(Williams 1991;Williams 1994). We assumethat thenumberof elementsin eachprocessorcorrelates

with thecomputationtime,sothatwepartitionthedomainbasedsolelyon thelocationsof theelements.In-

ertialbisectionrecursively dividesthedomainuntil thenumberof partitionsequalsthenumberof processors.

Weconsidereachelementasapointmasswith themassof theelementproportionalto thecomputationeffort

of the degreesof freedomof thatelement.In this way, we give the elementswith slip degreesof freedom

moremassto compensatefor their additionalcomputationaleffort.1

Any numberof partitionsmaybecreatedby recursively dividing eachpartition. By adjustingthedistri-

bution of the loadat eachdivision, we ultimatelycreatea load (mass)balancedpartitioningof thedomain.

For example,to partitiona meshamongthreeprocessors,we first divide themeshinto two groups,onewith

a load(mass)that is one-halfof thesecondone,andthensubdivide the largerof thetwo groups.Thethree

resultingpartitionsall have thesameload(mass).Eachdivision requirescomputingthemaximumprinciple

momentof inertia of the currentpartition andfinding the origin of the bisectingplanenormalto the maxi-

mumprinciplemomentof inertia to separatetheelementsinto two groupswith thedesiredloads(masses).

Figure3.1givesanexampleof how inertialbisectionpartitionsanunstructuredmeshwith nearlyuniformel-

ementsizes.An exampleof partitioninganunstructuredmeshwith largevariationsin elementsizesis shown

in chapter7. The inertial bisectionmethodcomesfrom a statisticalapproximationto thespectralbisection

method.As a result,it mayproducepartitionsthatrequiresignificantlymoreinterprocessorcommunication

thanothermethods.

TheMETIS softwarelibrary (Karypisetal.1999)from theUniversityof Minnesotaprovidesthetoolsto

efficiently partitionunstructuredmesheswhile evenly distributing thecomputationloadandminimizing the

total communicationamongprocessors.As in thecaseof inertial bisection,we assigna computationeffort

to eachelement,andadjustthe weightsof elementswith slip degreesof freedomaccordinglyin order to

accountfor theadditionalcomputationaleffort they require.Figure3.2givesanexampleof anunstructured

meshwith nearlyuniformelementsizespartitionedusingtheMETIS library.
1Theamountof additionalmassrequiredto balancetheloaddependson thearchitectureof thesupercomputerandtheefficiency of

theinterprocessorcommunicationlibraries.
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Figure3.1: Exampleof partitioningof anunstructuredmeshamongeightprocessorsusinginertialbisection.
Eachpatchof color identifiestheelementsof asingleprocessor. Thedomaincontainshomogeneousmaterial
propertiessotheelementsizesarenearlyuniform.

3.3 Parallel Computation

Efficiently implementingparallelcomputationrequiresminimizingthecommunicationamongtheprocessors.

Bottlenecksoccur when processorsmust passinformation to eachother, especiallywhen they must pass

information to all of their neighbors. Eachprocessorformulatesmatricesand vectorsfor its degreesof

freedomin the samefashionaswe would normally formulatethe global matricesandvectors. In orderto

couplethematricesandvectorsover theentiredomain(acrosstheprocessors),weassemblethematricesand

vectorsby having eachprocessorpasstheentriesfor thosedegreesof freedomit shareswith otherprocessors

to theappropriateneighbor. Note that it is muchmoreefficient to assemblevectors,which requirepassing

oneentrypershareddegreeof freedom,thanto assemblematrices,which requirepassinganentirerow per

shareddegreeof freedom.

Onereasonwechoosetonumericallyintegratethedynamicelasticityequationusingthecentral-difference

schemeis thatit is well suitedfor parallelprocessing.Uponexaminingequation(2.5)we seethat thefactor

1
∆t2
%
M
& . 1

2∆t

%
C
&
on the left-handsidedoesnot changewith time,sowe needto formulateit only once;each

processorcomputesthelocalportionof theterm,andthenweassemblethevector(diagonalmatrixstoredas

arow vector)acrosstheprocessors.Theright-handsidechangessignificantlyfrom timestepto timestep,so

at eachtime stepeachprocessorformulatesthe local versionof theentireright-handsideof equation(2.5)

beforeassemblingit acrossthe processors.As a result, the numericalintegration involves interprocessor
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Figure3.2: Exampleof partitioningof anunstructuredmeshamongeightprocessorsusingtheMETIS library.
Eachpatchof color identifiestheelementsof asingleprocessor. Thedomaincontainshomogeneousmaterial
propertiessotheelementsizesarenearlyuniform.

communicationonly whenwe assemblethe vectoron the right-handside,which occursjust onceper time

step.

3.4 Parallel Input and Output

File input andoutputbecomesslightly morecomplicatedwhenexecutinga programon multiple processors.

Onestrategy involveslettingeachprocessorreadandwrite to its own file; however, thismayleadto operating

systempanicswhentherearehundredsof processors.Additionally, post-processingbecomescumbersome

becausewe mustcompiledatafrom hundredsof files. An alternative strategy involvesparallel input and

output,or letting eachprocessorreadandwrite from the samefile. This strategy is particularlyeffective

when the supercomputercontainsa parallel file system,e.g., the Intel Paragon. The simulationsoftware

includesa simpleparallel input/outputlibrary which interfaceswith the MPI and, in the caseof the Intel

Paragon,theparallelfile system.

Theparallelinput/outputlibrarygivescontrolof thefile pointerto amasterprocessor. Weallow themaster

processorto readandwrite from thefile asit wishes,duringwhichit updatesthefile pointer. Whenwewantto

outputinformationcontainedonmultipleprocessors,themasterprocessorcoordinatesthereadingandwriting

to insurethat eachprocessorreadsandwrites from the properplacein the file. Whenmultiple processors
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write information,weorderthedatabasedontherankof eachprocessor, sothedatafrom processori follows

thedatafrom processori + 1 andimmediatelyprecedesthedatafrom processori . 1. Whenwewantto write

in parallel,we follow thealgorithmbelow (readingin parallelis similar).

1. Eachprocessorsendsthemasterprocessorthenumberof bytesit wantsto write.

2. Themasterprocessorcomputesthefile positionwhereeachprocessorshouldbegin writing basedon

thecurrentfile position(which it stores).

3. Themastersendsto eachprocessorthefile positionwhereit shouldbegin writing its data.

4. All processorswrite their dataat thedesignatedlocations.

3.5 Global Mesh Refinement

As discussedin section2.6,weuseIDEAS to generatethefinite-elementmeshes,andevenwith smallmeshes

we mustsubdivide the domainto expeditethe meshgenerationprocess.To further reducethe load on the

meshgenerator, wecreatethemeshat acoarseresolutionin IDEAS, andthenglobally refinethemeshto the

desiredresolutionat thebeginningof thesimulation.Eachprocessorrefinesits own portionof thedomain,

andby following thesamerefinementstrategy, theelementfacesmatchalongall interprocessorboundaries.

Theglobalrefinementdoesnotrequireextensivecomputationeffort, soit is simplyamatterof convenienceto

refinethemeshesin parallel;theinput file for thesimulationmayremainat coarseresolutionwhich reduces

disk storage.This allows IDEAS to createa meshthatcontainsonly a fractionof thenumberof nodesand

elementswe usein the simulation. We currently implementtwo different resolutionsof refinement:one

thatreducesthenodespacingby a factorof two (2x refinement)andonethatreducesthenodespacingby a

factorof four (4x refinement).We apply the refinementstrategy to all elementsin thesamemanner, so the

resolutionof thecoarsemeshmustbefineenoughto capturethepropervariationsin nodespacing;wesatisfy

this requirementby carefully selectingthe locationsof the elementsizecontrol pointsandthe designated

elementsizeswhenwe createthecoarsemesh.

If we chooseto output informationat the coarseresolution,we substantiallyreducethe file sizeswith

minimal lossesof information. For example,we expect the final displacementsand stressesto be much

smootherthantheshortestpropagatingwave, so thecoarsemesh,evenwith four timesthenodespacingof

thefine mesh,presentsanaccuratepictureof thefinal displacementsandstresses,but requireslessthan2%

of thediskspaceneededto storethedisplacementsandstressesat thecompleteresolution.

3.5.1 ElementSplitting

In 2x refinementwe split eachelementin themeshinto eightelementsasshown in figure3.3. We addnew

nodesat themidpointsof theedgesof theoriginal tetrahedron.For aregulartetrahedronwith edgesof length
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l in the coarsemesh,we createfour regular tetrahedrawith edgesof length l
2 andfour irregular tetrahedra

with edgesof length l
2 and lO

2
. Consequently, the global refinementalgorithm doesslightly degradethe

quality of theelements,but not enoughto adverselyaffect thesolution. In this case,themeshgeneratedin

IDEAS containsonly one-eighthof thenumberof elementsof themeshusedin thesimulation.

Figure3.3: Diagramof elementsplitting in 2x refinementprocedureduringwhich we divide eachelement
into eightelementsandreducethenodespacingby a factorof two.

In 4x refinementwesplit eachelementin themeshinto 64elementsasshown in figure3.4.Duringthe4x

refinementwe do not recursively refinethe elementusingthe2x refinementprocedure,becausethequality

of theelementswould continueto degradeat thesecondlevel of refinement.Instead,we follow a different

procedurethat addsnew nodeson both the edgesandin the interior of the original element.We addnew

nodessuchthateachnodelies exactly betweentwo othernodes.Froma regular tetrahedronwith edgesof

lengthl , we create24 regulartetrahedrawith edgesof length l
4 and40 tetrahedrawith edgesof length l

4 and

l
2
O

2
. Thedisparitybetweenthelengthsof theedgesof thetetrahedraremainsthesameasthe2x refinement.

In this case,the numberof elementsin the coarsemeshgeneratedin IDEAS is approximately1.6%of the

numberof elementsin thefine meshusedin thesimulation. This givesa tremendousreductionin the time

andeffort neededto generateamesh.

Whenweglobally refinethemeshandcreatenew nodesandelements,wemustadjusttheboundarycon-

ditionsaccordingly. As discussedin section2.6,we uselists of nodesor nodalgroupsto uniquelydetermine

the elementfacescomposingthe boundaryconditions,e.g., the absorbingboundariesand the fault plane.

During themeshrefinement,wheneverwe createnew nodeson anelementfaceassociatedwith a boundary

condition,we addthenodesto the list of nodesfor thatboundarycondition. We alsofollow this procedure

to modify lists of nodesassociatedwith the surfaceson which we outputtime histories,whenwe selectto

outputtheinformationat thefine resolution.
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Figure3.4: Diagramof elementsplitting in 4x refinementprocedureduringwhich we divide eachelement
into 64 elementsandreducethenodespacingby a factorof four.
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Chapter 4 Dynamic Energy Balancefor Earthquakes

We computethe energy balancefor our simulatedearthquakeswith the objective of learningmore about

the physicsof the ruptureprocess.As we will discussbelow, the only forms of energy availablefrom the

simulationsarethe radiatedenergy, the changein potentialenergy of the earth,andthe changein thermal

energyof theearth.Theenergybalancealsoprovidesanadditionaltool to measurethesizeof theearthquake,

andthechangein thermalenergy allowsestimationof thedegreeof meltingon thefault.

4.1 Derivation of Dynamic Energy Balance

We start with the conservation of energy for the entireearth. We neglect all external forces,suchas the

gravitationalforcesfrom thesunandtheotherplanets;therefore,wehavenochangein theinternalenergy of

theearth.As givenby equation(4.1), the internalenergy of theearthinvolvestheradiatedenergy (ER), the

changein thermalenergy (∆Q), andthechangein thepotentialenergy (∆W).

ER . ∆Q . ∆W / 0 (4.1)

Thechangein potentialenergy involveschangesin thestrainenergy, changesin the gravitationalpotential

energy, andchangesin the rotationalenergy of the entireearth. For prescribedruptureswe do not model

thesliding friction on thefault, sowe candetermineneitherthechangein thermalenergy nor thechangein

potentialenergy. Theonly quantityin theenergy balancethatwe cancomputeis theradiatedenergy. When

we usedynamicfailureto modeltheslip on thefault,we do modelthefrictional sliding,sowe cancompute

eachtermof theenergy balancegivenby equation(4.1).

4.2 RadiatedEnergy

Whenwe think aboutenergy andearthquakes,we often only considerthe radiatedenergy, becausewe as-

sociateit with thegroundmotionsandcanestimateit from groundmotionrecords.Similarly, in numerical

modelsthe radiatedenergy is readilyavailablefrom theearthquake simulationby finding theenergy of the

wavespropagatingaway from theseismicsource.Theeartheventuallydissipatesall of theradiatedenergy

throughmaterialdamping.Whenwetruncatetheedgesof thedomainin orderto modelonly asmallportion

of the earth,the absorbingboundaries,asdiscussedin section2.3.3,mimic the wavespropagatingthrough

theboundariesby absorbingthewavesthroughtheuseof dampers.As a result,in ourdiscretizedmodelsthe

dampingmatrix containsa completedescriptionof how thedomaindissipatestheradiatedenergy, soweuse
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it to computetheradiatedenergy. Generally, we do not specifyenoughtime stepsin thetime integrationfor

theabsorbingboundariesto completelyabsorball of theradiatedenergy, anda smallamountof theradiated

energy remainsin thedomainaskinetic energy. We addthis kinetic energy to theenergy absorbedthrough

thedampingmatrix to find thetotal radiatedenergy. For thedomaindiscretizedin bothspaceandtime,equa-

tion (4.2)givesthetotal energy radiatedfrom theseismicsource,where
�
u̇
(
t *  is thevelocity vectorat time

t,
%
C
&
is thedampingmatrix,

%
M
&
is themassmatrix,∆t is thetimestep,andN is thenumberof timesteps.

ER / ∆t
N

∑
mU 1

"
u̇
(
m∆t * #`%C&2� u̇ ( m∆t *  . 1

2

"
u̇
(
m∆t * #a%M &2� u̇ ( m∆t *  (4.2)

4.3 Changein Thermal Energy

Earthquakeschangethethermalenergy of theearthin four ways. Theprimarycontribution comesfrom the

generationof heatby thefrictional sliding on thefault. Additionally, thefracturingof materialsin the fault

zonecreateslatentheat. The radiatedenergy eventuallydissipatesinto heat,but we chooseto considerit

separatelyasdiscussedabove. If we assumethat thestrainincrementsthroughouttheearthoccuradiabati-

cally, thenthey causechangesin temperaturein thesamefashionthattheadiabaticexpansionof agascauses

a drop in temperature(Fung1965). We will assumethat thestrainincrementscausea negligible changein

temperature,sothatwemayneglectthechangein thermalenergy imposedby theadiabaticchangein strain.

Therefore,we areleft with the changein thermalenergy causedby frictional sliding andthe fracturingof

materials.

We chooseto includeboth the fracturebehavior and the sliding behavior in the friction model. Con-

sequently, the energy dissipatedthroughfrictional sliding includesboth the latentheatassociatedwith the

fractureenergy and the heatgeneratedby sliding. To find the energy dissipatedas heatduring frictional

sliding on thefault,webegin with theincrementof heat,dQ
(
t * , createdduringanincrementof slip, dD

(
t * ,

dQ
(
t *b/ σ f

(
t * dD

(
t * dS) (4.3)

whereσ f
(
t * is thefrictionalstressatapointonthefaultsurfaceanddSis thedifferentialfaultarea.Integrating

over thefault surfaceandslip yields

∆Q
(
t *b/dc

D e t f c S
σ f
(
t * dDdS

:
(4.4)

Convertingtheintegraloverslip to anintegralover timeproduces

∆Q
(
t *b/gc

t
c

S
σ f
(
t * Ḋ ( t * dSdt ) (4.5)

whereḊ is the slip rate. Finally, for a domaindiscretizedin time andspace,equation(4.6) givesthe total
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changein thermalenergy for anearthquake,where∆t is thetime step,
"
Ff
(
t * # is thefriction forcevectorat

time t, andN is thenumberof timesteps.

∆Q
(
t *b/ ∆t

N

∑
mU 1

"
Ff
(
m∆t * #h� Ḋ ( m∆t *  (4.6)

4.3.1 Changein Temperature on the Fault

Theheatgeneratedduringslidingon thefaultwill increasethetemperaturein a regionsurroundingthefault.

Thetotal changein thermalenergy on thefault,which we computefrom thefriction andsliding on thefault

asdiscussedabove,includesboththefractureenergy andtheheatgeneratedby sliding. We will assumethat

thefractureenergy is muchsmallerthantheheatgeneratedby sliding,sothatwemayusethechangein total

thermalenergy at eachpoint on the fault to computethe changein temperature.We find the incrementin

temperature,dT, at apoint on thefault from theincrementin heat,dQ, using

dT / dQ
(
t *

Cv ρddS
) (4.7)

whereCv is theheatcapacityperunit mass,ρ is thedensity, d is thedistanceperpendicularto thefaultwhere

the heatis trapped,anddS is the differentialfault area.Substitutingin the expressionfor the incrementin

heatatapointonthefault(equation(4.3))andconvertingtheincrementin slip to aslip rateoveranincrement

in time yields

dT / σ f
(
t * Ḋ ( t * dt

Cvρd

:
(4.8)

Integratingover time to find thechangein temperatureproduces

∆T /gc
t

σ f
(
t * Ḋ ( t *

Cvρd
dt
:

(4.9)

After discretizingthedomainin spaceandtime,wefind thatequation(4.10)givesthechangein temperature

at a point on thefault, whereFf
(
t * is thefriction forceat time t, ∆t is thetime step,andN is thenumberof

timesteps.

∆T / ∆t
Cvρd

N

∑
mU 1

"
Ff
(
m∆t * #h� Ḋ ( m∆t *  (4.10)

4.4 Changein Potential Energy

We definethechangein potentialenergy astheenergy releasedby theslip on thefault assumingthattheslip

occursquasi-staticallyandthat thedomainbehavesaccordingto linearelasticity. Becauseboththeradiated

energy andthe changein heatenergy mustbe positive, conservation of energy dictatesthat the changein
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potentialenergy mustbenegative. This dropin thepotentialenergy allows earthquakesto releaseenergy as

propagatingwavesandgenerateheatthroughfrictional sliding.

We follow a proceduresimilar to thatof SavageandWalsh(1978)andDahlen(1977)to find thechange

in potentialenergy dueto anearthquake. We startwith thechangein energy for anincrementof slip,

dW / + σ
(
D * dDdS) (4.11)

wheredW is theincrementalchangein potentialenergy, σ is theshearstressat a point on thefault,D is the

slip at a pointon thefault,dD is theincrementof slip, anddS is thedifferentialfault area.Thenegativesign

indicatestheshearstressopposesslip. Assuminga linearlyelasticmedium,thestressfollows

σ
(
D
(
t *i*0/ + σ0 . D

(
t *

D
∆σ ) (4.12)

whereσo is theshearstressjust prior to theearthquake,σ
(
D
(
t *i* is theshearstressafterthefault hasslipped

anamountD
(
t * , D

(
t * is the slip at time t, D is thefinal slip, and∆σ is thefinal stressdrop. We follow the

conventionthata decreasein stressgivesa positive stressdrop. Substitutingthe stressat slip D
(
t * into the

expressionfor theincrementalchangein potentialenergy andintegratingoverboththeslip andthefaultarea

produces

∆W / + c
D
c

S

(
σ0 + D

(
t *

D
∆σ * dDdS

:
(4.13)

Integratingover theslip andsimplifying produces

∆W / + 1
2
c

S

(
σ0 . σ1 * DdS) (4.14)

whereD andσ1 aretheslip andstressat a point on thefault after theearthquake. After discretizingin time

andspace,equation(4.15)givesthe changein potentialenergy causedby an earthquake, where
"
F
(
0* # is

the friction force vectoron the fault at zeroslip and
"
Ft
(
D * # is the friction force vectoron the fault at the

completionof slip.

∆W / + 1
2

(j"
Ft
(
0* # . " Ft

(
D * # * � D  (4.15)

From the point of view of understandingthe physicsof the rupture,we would like to decomposethe

changein potentialenergy into the changein strain energy and changein gravitational potentialenergy.

As shown by SavageandWalsh (1978)andDahlen(1977),we cannotdeterminethesechangesin energy

whenwe truncatethe domain,becauseall points in the earthcontribute equally to the computations;the

domainmustencompassthe entireearthin orderto computethechangein strainenergy andthechangein

gravitational potentialenergy. Additionally, we neglect the changein Earth’s rotationalenergy causedby
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earthquakesfor thesamereason.1

4.4.1 Topography and Changesin Gravitational Potential Energy

If we coulddeterminethechangein gravitationalpotentialenergy, it might leadusto a betterunderstanding

of thecreationof mountainsdueto thrustearthquakes.Thefollowing simplethoughtexperimentillustrates

thegeneralmechanismby whichearthquakeschangethegravitationalpotentialenergy of theearth.Consider

two containersof anincompressiblefluid with widthsb1 andb2 asshown in Figure4.1. Figure4.1(a)shows

thecontainersfilled with fluid to heightsof h1 andh2. We maythink of thetwo containersof fluid asthetwo

sidesof a thrustfault with theheightsof thefluid correspondingto thelevel of thesurfacetopography. The

gravitationalpotentialenergy of this configurationis

WG0 / 1
2

h1
(
ρgh1b1 * . 1

2
h2
(
ρgh2b2 * : (4.16)

(a) (b)

h1

b1 b2

h2 h1b1
b1 K d

b1 . d b2 + d

h2b2
b2 , d

d

Figure4.1: Configurationsof thetwo fluid containers.(a) Original configuration(b) Configurationafter the
dividermovesa distanced to theright.

We move the divider a distanced to the right. This representsa slip of d that generatesthe upward

movementof thehangingwall andthesubsidenceof the footwall in a thrustearthquake. Thegravitational

potentialenergy of thefluid in thecontainersbecomes

WG1 / 1
2

5
h1b1

b1 . d

6k(
ρgh1b1 * . 1

2

5
h2b2

b2 + d

6k(
ρgh2b2 * : (4.17)

Thechangein gravitationalpotentialenergy is

∆WG / WG1 + WG0/ 1
2

ρgd

5
h2

2 b2

b2 + d
+ h2

1 b1

b1 . d

6 :
(4.18)

1ChaoandGross(1995)computedthechangein therotationalenergy of theearthfor acatalogof earthquakesusingmodaltechniques
andpoint sources.
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Themovementof thedivider increasesthegravitationalpotentialenergy if

h2
2 b2

b2 + d l h2
1 b1

b1 . d
) (4.19)

which is nonlinearin themovementof thedivider, d. Evenfor thissimpleanalogy, thegravitationalpotential

energy changesin a nonlinearfashion. If we start with equalheightsand widths of the fluid containers

(h1 / h2 andb1 / b2), theexpressionfor thechangein gravitationalpotentialenergy reducesto

∆WG / ρgdh2
1b1

d2

b2
1 + d2

) (4.20)

and the changein gravitational energy is secondorder. This correspondsto no surfacetopographybeing

presentbeforetheearthquake. Ontheotherhand,whensurfacetopographydoesexist, thechangein gravita-

tionalpotentialenergy is first order.

For the sameslip distribution on a given fault, the greaterthe differencesin topographicfeatures,the

larger thechangein gravitationalpotentialenergy. In otherwords,for mountain-building thrustfault earth-

quakeswith thesameamountof slip, eachsuccessiveearthquakeleadsto greaterchangesin thegravitational

potentialenergy. If the changein potentialenergy is the samefor eachevent, the changein strainenergy

mustbecomemorenegative to balancetheever greaterchangesin gravitationalpotentialenergy. We do not

know how theseismicbehavior changeswith theseprogressively largerchangesin thestrainenergy andthe

gravitationalpotentialenergy, becausewecannotcomputethechangein strainenergy andchangein gravita-

tionalpotentialenergy. We mustrely on thestressstateasdiscussedin section8.2.3for insightinto theroles

of gravity andtopographyin seismicevents.
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Chapter 5 PrescribedRuptur e

Whenwe simulateearthquakesusingprescribedruptures,we setthe slip time history at eachpoint on the

faultaccordingto somepredeterminedsetof parameters.Thismethodworkswell whenwewantto compute

thegroundmotionsfor scenarioswith well known sourceparameters,suchasthefinal distributionof slip on

the fault, rupturespeed,andmaximumslip rate. On theotherhand,we ignorethedynamicsof the rupture

processby not modelingthefrictional sliding on thefault surface.Instead,we focuson thegroundmotions

resultingfrom thechoiceof theearthquakesourceparameters.

5.1 Earthquake Source

With theuseof slip degreesof freedomto modeltheearthquakesourceasdescribedin section2.4.1,at each

time stepwe setthe displacementsof the slip degreesof freedomto createthe appropriaterelative motion

betweenthesidesof the fault. In thenumericalintegration(equation(2.5)) we setthedisplacementsof the

slip degreesof freedomat time t . ∆t, sowe mustsubtracttheknown valuesof the left-handsidefrom the

right-handside.We subtracttheterm m 1
∆t2
%
M
& . 1

2∆t

%
C
&on!�

u
(
t . ∆t *  from theright-handsidewheretheonly

nonzeroentriesin
�
u
(
t . ∆t *  arethe displacementsfor the slip degreesof freedom.By usingthe already

assembledversionof 1
∆t2
%
M
& . 1

2∆t

%
C
&
, this calculationdoesnot requireany interprocessorcommunication,

andwesubtractthis productfrom thealreadyassembledright-handside.

5.2 Slip Time History

The slip time history controlsthe progressionof slip over time. The slip time history at eachpoint on the

fault hasthesamefunctionalform, but we setthetime constantsthatcontrol theprecisetime historyat each

point basedon thespecifiedvaluesof thefinal slip andmaximumslip rate.We usea uniform maximumslip

ratebut allow spatialvariationof thefinal slip aswewill discussbelow in section5.3.Allowing variationsin

final slip while usinga uniform maximumslip rateproducesvariationsin theslip risetimeswith longerrise

timesatpointswith largervaluesof final slip.

For the slip time history in a givenscenario,we chooseoneof the threeshapesshown in table5.1 and

figure5.1.One-halfof aperiodof thecosinefunctiongivesanextremelysimpleslip timehistory. To createa

causalslip time historyfrom thenon-causalfunctionalform of theerrorfunction,we truncatethebeginning

portion of error function time history. With two time constantsin the error function, we may selectboth

the maximumslip rateandthe time whenit occurs. However, the time of the maximumslip ratemustbe

late enough,so that the portion we truncateremainsnegligible. OlsenandArchuleta(1996)oftenusethis



40

Shape Slip function MaximumSlip Rate

cosine t , t0
τ + 1

2π sin p 2π t , t0
τ q 2

τ

erf 1
2 m 1 . erf m t , t0 , τ1O

2τ2

n$n 1O
πτ2

Brune 1 + exp m , e t , t0 f
τ

n p 1 . t , t0
τ q 1

τe

Table5.1: Functionalformsof thethreeslip time historyshapes.Slip beginsat time t / t0, andτ, τ1, andτ2

areall timeconstants.
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Figure5.1: Slip andslip rateasafunctionof timefor thethreeshapesof theslip timehistoryfunctions.Each
slip timehistoryhasthesamemaximumslip rate.We havesetto / 0 for conveniencesoslip beginsat t / 0.

shapewhensimulatingearthquakeswith prescribedruptures.Typically, we usethethird shape,the integral

of Brune’s (1970)far field time function, for the slip time history. In contrastto the othertwo shapes,the

accelerationis nonzerowhenslip begins.Additionally, themaximumslip rateoccursearlyin thetimehistory,

which leadsto annon-symmetricslip rate.Whena point startsto slip, we expecta nonzeroacceleration,so

this third shapematchesmorecloselywith whatweexpectphysically.

Theshapeof theslip timehistoryalongwith therupturespeedcontrolsthefrequency contentof thewaves

generatedin the domain. As discussedin section2.3, we needten nodesper wavelengthfor the shortest

periodshearwave. We now examinethefrequency contentof theslip time historiesusingthemagnitudeof

theFouriercoefficients.Figure5.2shows themagnitudeof theFouriercoefficientsfor eachslip timehistory

asa function of frequency. As we approach0.75Hz from the left, eachdistribution falls off at a different

ratewith the error function falling most rapidly and the integral of Brune’s far field time function falling

gradually. Above about0.75Hz, all threehave nearly identical frequency distributions. The bandlimited
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featuresof thesethreeslip time historiesmatchwell with our constraintof simulatingonly the long-period

groundmotiondueto thelimited resolutionof thefinite-elementmesh.
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Figure5.2: FastFouriertransformsof thethreeshapesof slip timehistoryfunctionsusingtimehistorieswith
1024points,a timestepof 0.02sec,andthesametimeconstantsasthoseusedin figure5.1.

5.3 Slip Distrib ution

We usethespatialinterpolationprocedureoutlinedin section2.5 to specifythefinal distribution of slip on

the fault surface. With a densepopulationof points,we may independentlyspecify the final slip at each

nodeon the fault surface. In general,we wanta relatively uniform distribution of slip that is taperedat the

edgesandmayor maynot containsomedegreeof heterogeneity. Consequently, we nearlyalwaysusethree

simpleconstructiontechniquesto generatethe spatialdistribution. We taperthe slip at threeor four of the

edgesusinganexponentialfunction. Scalingthenominalvalueof slip producesthedesiredaveragevalue.

Introducingcircularasperitiesof varioussizesandvaluesgivesheterogeneityto thedistribution.

We tapertheslip at the edgesof the fault to emulatethesmotheringof the ruptureat the boundariesof

the fault surface. We taperall four edgeswhenwe bury the fault, but may allow the ruptureto reachthe

surfacewhenthefault reachesthesurfaceby taperingonly threeedges,i.e., thelateraledgesandthebottom.

Equation(5.1)givesthefinal slip asa functionof locationalongthestrike, p, andlocationalongthedip, q,

whereDo denotesthenominalvalueof final slip andd denotesadistancewhichcontrolstherateof decayof

slip. Figure5.3illustratesthecoordinatesystemwith thecenterof thefault givenby (po,qo). TheconstantC

controlson how many edgeswe tapertheslip. We setC / 0 whenq l qo andwe want to tapertheslip on

only threeedges,andwe setC / 1 whenwe wantto tapertheslip alongall four edges.

D / Do

5
1 + exp

5 + ( po +sr p + po r *
d

6!6 5
1 + Cexp

5 + ( qo +sr q + qo r *
d

6!6
(5.1)
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Figure5.3: Strikeanddip coordinatesusedin theslip taperingfunction.

We addcircularasperitieswith differentradii andheightsto giveheterogeneityto thedistribution. Equa-

tion (5.2)givestheheightof theasperityasafunctionof radius.Theradiusra denotestheradiusatwhich the

heighthasdecayedto 5% of thepeakvalue. Figure5.4 illustratesthecross-sectionof anasperityof height

Da andradiusra.
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Figure5.4: Cross-sectionof anasperitywith heightDa andradiusra.
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5.4 Rupture Speed

We settherupturespeedrelative to thelocal shearwave speed.If, instead,we chooseto ignorevariationsin

materialpropertiesandenforcea uniform rupturespeed,we will have largevariationsin the rupturespeed

relative to theshearwave speed.Numericalmodeling,suchasthat in chapter8 andthatby Burridgeet al.

(1979),suggestsstablerupturestendto propagateat nearlyuniform speedsrelative to the local shearwave

speed.Consequently, we imposea uniform rupturespeedrelative to the local shearwave speed.Thespeed

of therupturegovernswhenadjacentpointson thefault shouldstartto slip. This meansthatspecifyingthe

rupturespeedinvolvessettingthetime wheneachpoint on thefault beginsto slip. Therupturestartsat the

hypocenter, which we requireto coincidewith a nodein thefinite-elementmodel. Thefollowing algorithm

outlineshow we prescribethe time whenthe sidesof the fault begin to move relative to eachotherat each

nodeon thefault.

1. Setthehypocenternodeto startslippingat time t / 0 (t0 / 0 in table5.1).

2. Setthetime whenslip beginsfor all nodesadjacentto thehypocenternode.We usethefinite-element

faceson thefaultplaneto defineadjacentnodes,which in thiscasemeansthatthenodeslie onanedge

of anelementfaceonthefaultplane.For nodei adjacentto thehypocenternode,which liesonanedge

of lengthl containedin elementj, thetimewhenslip beginsis

t0 / min
( l
vrβ j

) j / 1
:7:t:

N *h) (5.3)

wherevr is the rupturespeedasa fraction of the local shearwave speed(β) andN is the numberof

elementswith edgeson thefault planecontainingthehypocenternodeandnodei.

3. Iterateto propagatetherupturefront (starttimes)alongeachelementfaceon thefault surface.

(a) For eachelementfaceon thefault plane,we checkto seeif we changedany of thestarttimesfor

its nodesin thelastiteration.If wedid changeat leastonestarttimeandhaveassignedstarttimes

to at leasttwo nodesontheface(whichwewill denoteasnodeA andnodeB), thenwesetthestart

time at thenodewith thelateststarttime (which we will denoteasnodeC) usingequation(5.4).

We changethestarttime at nodeC only if thenew starttime is earlierthanthepreviousone.We

denotethestarttimeatnodeA astA, thestarttimeatnodeB astB, andthedistancebetweennode
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i andnode j asdi j . Figure5.5illustratestheotherquantitiesusedin equation(5.4).

t0 / dCD

vrβ
) where (5.4)

d2
CD / r2

b . d2
BC + 2rBdBCcos

(
θ1 . θ2 *

rA / vrtA
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b / 1
2
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b
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(b) Find the numberof starttimeswe changedthis iteration. If we did not changeany starttimes,

thenwearedone.Otherwise,continueiterating.
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θ1

θ2
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b

Figure5.5: Diagramof the quantitiesusedto propagaterupturefront alongan elementface. The element
faceis u ABC, pointD is theapparenthypocenter, andwe setthestarttimeat nodeC.
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Chapter 6 Validation of Simulation Software

In this chapterwe discussthevalidationof thesimulationsoftwarein termsof how well it succeedsin mod-

eling thewave propagation.We checkthegroundmotiontime historiesto verify thatthey accuratelypredict

both thearrivalsandamplitudesof thevariousphases.Additionally, we examinethefinal displacementsin

thegroundmotionsto seehow well they matchthosepredictedby a staticanalysis.Theperformanceof the

absorbingboundarywill alsobeevidentin thegroundmotions.For thevalidationwesolve theproblemof a

propagatingruptureon a buried,dipping,finite fault in a homogeneoushalf-space.

6.1 Domain Geometry

We modela region 60km long by 60km wide down to a depthof 24km. As shown by figure6.1,we bury

the 28km long and18km wide fault 8.6km below the surface. The fault strikeswestanddips 23 degrees

to the north. We imposea rake angleof 105 degreesfrom the strike; this correspondsto φ / 270degrees,

δ / 23degrees,andλ / 105degreesin figure2.4.Weusehomogeneousmaterialpropertieswith adilatational

wave speedof 5.85km/sec, a shearwave speedof 3.40km/sec, anda densityof 2500kg/m3. Thesematerial

propertiescorrespondto thosetypically foundatdepthsof 10–20km.

Figure6.1: Orthographicview of domaingeometryusedfor validationof thesimulationsoftware. Thestar
denotesthehypocenter. We examinethefinal displacementsalongthe two dash-dottedlineson theground
surfaceandvelocity time historiesatsitesA–D.
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Wecreatedthefinite-elementmodelatacoarseresolutionandusedthe2x refinementprocedurediscussed

in section3.5 to globally refinethemeshto a resolutionof tennodesperwavelengthfor a shearwave with

a periodof 2.0sec.Thecoarsemeshcontains6389nodesand31,879elements;themeshat fine resolution

containsapproximately400,000nodesandtwo million elements.The simulationtook 1.2 hoursusing64

processorson the Intel Paragonor 40 minutesusing12 processorson theHewlett PackardExemplarat the

CACR.

6.2 Validation of Ground Motion Time Histories

Weprescribedtheslipateachpointonthefaultusingtheintegralof Brune’sfarfield timefunctionwith afinal

slip of 1.0m andamaximumslip rateof 0.74m/sec. Thehypocenterliesalongtheeast-westcenterlineof the

faultatadepthof 15km. Therupturepropagatesawayfrom thehypocenteratauniformspeedof 2.7km/sec,

which is 80%of theshearwave speed.We comparethegroundmotionsgeneratedusingthefinite-element

modelwith onesgeneratedusingpointdislocationsolutionsobtainedby discrete-wave-numberfinite-element

techniques.1

Wecomparevelocitytimehistoriesatfour sitesonthegroundsurface,labeledA, B, C,andD in figure6.1.

SiteA liesdirectlyabovethetopof thefault,andsiteD liesat theabsorbingboundary. Figures6.2–6.5show

the north-southandvertical componentsof the velocity time historiesat eachsite for the two simulation

methods.All of the time historieshave beenlow-passfiltered usinga Butterworth filter with a cornerfre-

quency of 0.5Hz. We do not seeany evidenceof delaysin arrival of thephases,andthevelocity amplitudes

agreereasonablywell. We want thebestaccuracy wherethemotion is mostsevere,and,indeed,this is the

case.Thetimehistoriesfor theverticalcomponentmatchverywell, especiallycloseto thefault. Thelimited

amountof energy arriving latein thevelocity timehistoriesof thefinite-elementsimulationconfirmsthatthe

absorbingboundariesadequatelypreventreflectionsfrom thelateralsidesandthebottomof thedomain.At

the absorbingboundary, site D, the velocity time historiesagreelesswell, but aswe noted,the absorbing

boundarydoesits job. Therefore,we find the level of accuracy of thegroundmotionsacceptable,provided

thatwe don’t usethesiteson theabsorbingboundaryin any analysis.

6.3 Validation of Static Displacements

In additionto verifying thevelocity time histories,we alsocomparethefinal displacementsfrom thefinite-

elementsimulationwith thedisplacementscomputedfrom a staticanalysis.For thestaticanalysiswe com-

pute the displacementsfrom point sourcedislocationsusing the analyticalsolution given by Heatonand

Heaton(1989).We uniformly distribute2016point sourcesover thefault surfaceto mimic theuniform slip

of 1.0m in thefinite-elementmodel.Weexamineall threecomponentsof displacementalongthenorth-south
1David Wald at the United StatesGeologicalSurvey office in Pasadenaprovided thesetime histories. More detailsregardingthe

methodheusedmaybefoundin thepaperby Hall et al.(1995).
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Figure6.2: Velocitytimehistoriesin thenorth-southandverticaldirectionsatsiteA, whichis locateddirectly
abovethetop of thefault. Thesolid linesindicatethetimehistoriesfrom thefinite-elementsolution,andthe
dashedlinesindicatethetimehistoriesfrom thediscrete-wave-numbersolution.
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Figure6.3: Velocity timehistoriesin thenorth-southandverticaldirectionsat siteB, which is located10km
southof thetop of thefault. Thesolid lines indicatethetime historiesfrom thefinite-elementsolution,and
thedashedlinesindicatethetimehistoriesfrom thediscrete-wave-numbersolution.

runningcenterlineof the domainandalongthe east-westline alongthe top of the fault, asdenotedby the

dash-dottedlinesin figure6.1.

Figure6.6 shows the comparisonbetweenthe horizontalcomponentsalongboth lines. Figure6.7 and

figure6.8 demonstratetheverticaldisplacementsalsomatchwell alongthenorth-southandeast-westlines.

The rake angleof 105 degreesdeformsthe groundsurfaceto the southandslightly to the east(visible in

figure 6.6 andfigure 6.8). Approachingthe edgesof the domain,the north-southdisplacementsfrom the

finite-elementmodelgraduallydiverge from thoseof the staticanalysis,becausethe absorbingboundaries

do not modelthestiffnessof thetruncatedportionof thedomainasdiscussedin section2.3.3.This leadsto

a slightly slower decaywith distancefrom thesourcein thefinal displacementsof thefinite-elementmodel
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Figure6.4: Velocity timehistoriesin thenorth-southandverticaldirectionsat siteC, which is located20km
southof thetop of thefault. Thesolid lines indicatethetime historiesfrom thefinite-elementsolution,and
thedashedlinesindicatethetimehistoriesfrom thediscrete-wave-numbersolution.
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Figure6.5: Velocity timehistoriesin thenorth-southandverticaldirectionsatsiteD, which is locatedon the
absorbingboundaryand25km southof thetop of thefault. Thesolid lines indicatethe time historiesfrom
the finite-elementsolution,andthe dashedlines indicatethe time historiesfrom the discrete-wave-number
solution.

comparedto the analyticalsolution. The east-westdisplacementsexhibit excellent agreementacrossthe

domain.

6.4 Discussion

The resultsfrom the finite-elementsimulationshow closeagreementwith thosefrom the discrete-wave-

numbertechniqueandthestaticanalysis.Theabsorbingboundaryeffectively preventscontaminationof the

solution in the interior of the domainfrom reflectionsoff the lateral sidesand the bottomof the domain.
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Figure6.6: Horizontalcomponentsof thefinal (static)displacementsalongtwo lineson thegroundsurface.
Thedottedline indicatestheprojectionof thefaultplaneontothegroundsurface.Thenorth-southline passes
thoughthecenterof thedomain,andtheeast-westline alongthetop of thefault. Thethin, solid linesshow
theoriginal locationsof thelines.Thedisplacementshavebeenscaledby a factorof 50,000.
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Figure6.7: Vertical andnorth-southcomponentsof the final (static)displacementson the groundsurface
alongthenorth-southline passingthoughthecenterof thedomain.Thedottedline indicatestheprojection
of thefault planeontotheverticalslice.Thedisplacementshavebeenscaledby a factorof 50,000.

Comparisonof the velocity time historiesalsosuggeststhat we cannotusethe groundmotionsat the ab-

sorbingboundariesfor any analysesbecausethedampersdistort the time histories.Additionally, the static

displacementsneartheedgesof thedomainhavelimited accuracy, asaresultof thelackof stiffnessprovided

by theabsorbingboundary. Hence,thesimulationsoftwareprovidesaccurateresultsaslongasweignorethe

groundmotionsverycloseto theedgesof thedomain.

In the above validationwe usehomogeneousmaterialproperties.We alsowant to simulatethe ground
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Figure6.8: Verticalandeast-westcomponentsof thefinal (static)displacementson thegroundsurfacealong
theeast-westline alongthe top of the fault. Thedottedline indicatestheprojectionof the fault planeonto
theverticalslice.Thedisplacementshavebeenscaledby a factorof 50,000.

motionsin heterogeneousdomainswith thesameconfidencein theaccuracy of thegroundmotions.Because

we assumehomogeneousmaterialpropertieswithin an element,varying the materialpropertiesinvolves

simply settingthepropertiesin eachelementaccordingto somespecifiedspatialdistribution. As discussed

section2.3, the nodespacinggovernsthe accuracy of the groundmotions,so we limit the errors in the

simulationby adjustingthe nodespacingwith the materialproperties. In otherwords, in order to handle

heterogeneousmaterialpropertieswith the samelevel of accuracy, all we needto do is to insurethat we

maintaintheappropriatenodespacingthroughoutthedomain.
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Chapter 7 Sensitivity Study of Near-SourceGround

Motion with PrescribedRuptur es

We now usetwo setsof prescribedrupturesimulationsto studythesensitivity of thelong-periodnear-source

groundmotionsto variationsin theearthquakesourceparameters.Wewantto understandthevariability in the

near-sourcegroundmotionsfor changesin theseismicsourceandidentify thoseparametersthatmoststrongly

influencethenear-sourcegroundmotions.We systematicallyvary theseismicsourceparametersfor botha

strike-slip fault anda shallow dipping thrustfault. We selectdifferenthypocenterlocations,maximumslip

rates,rupturespeeds,spatialdistributionsof thefinal slip, averageslips,andthedepthof thetop of thefault.

Additionally, we comparethe groundmotionsfrom a layeredhalf-spacewith thosefrom a homogeneous

half-space.

7.1 Strik e-Slip Fault

Thegeometryof thestrike-slipfault roughlymatchesthecombinedfault segmentsthatrupturedin theJune

1992Landersevent.We enclosethe60km longand15km wide fault in a domain100km long,40km wide,

and32km deepasshown in figure 7.1. We imposepureright-lateralslip on the vertical fault that strikes

north. We offset the fault 10km to the southfrom the centerof the domainin anticipationof locatingthe

hypocenterson thesouthernhalf of the fault andgeneratingthe largestdisplacementsnearthenorthendof

thefault.

7.1.1 Finite-Element Model

We usetwo different finite-elementmodels,one for the layeredmaterialpropertiescaseand one for the

homogeneousmaterialpropertiescase.Table7.1 andfigure 7.2 show the massdensity, shearwave speed,

anddilatationalwavespeedasafunctionof depthfor thelayeredhalf-space.For thehomogeneoushalf-space

we simplyusethematerialpropertiesthatareassociatedwith a depthof 6.0km in thelayeredhalf-space.

We useIDEAS to createthe finite-elementmodelat coarseresolutionandthe 4x refinementprocedure

outlinedin section3.5 to createa meshwith the appropriatenodespacingto modelwave propagationwith

periodsdown to 2.0sec.Table7.2 givesthesizesof thefinite-elementmodelsat coarseandfine resolution

for the layeredandhomogeneoushalf-spaces.Figure7.3 illustratesthepartitionof thefinite-elementmesh

for thelayeredhalf-spaceamong256processorsusingtheinertial bisectionalgorithm.Eachsimulationtook

2.8hoursusing256processorsof theIntel Paragonat theCACR.
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Figure7.1: Orthographicprojectionof thedomaingeometryfor thestrike-slipfault for thecasewherethetop
of thefault reachesthegroundsurface.ThelabelsHA throughHD denotethevarioushypocenterlocations.
We will examinethewaveformsat sitesS1andS2.

Depth DilatationalWave Speed ShearWave Speed MassDensity
(km) (km/sec) (km/sec) (g/cm3)

0.0 1.80 0.70 1.50
3.0 4.50 2.60 2.00
6.0 5.70 3.30 2.45
20.9 5.85 3.40 2.50
21.0 6.45 3.75 2.60
32.0 6.74 3.92 2.63

Table7.1: Density, shearwave speed,anddilatationalwave speedcontrol elevationsfor the layeredhalf-
space.

Homogeneous Layered
Course Fine Course Fine

# Nodes 9500 610,000 33,000 2.1million
# Elements 48,000 3.0million 160,000 10 million

Table7.2: Sizesof thefinite-elementmodelsof thelayeredandhomogeneoushalf-spacesat coarseandfine
resolution.

7.1.2 Earthquake SourceParameters

We vary five earthquakesourceparameters:thelocationof thehypocenter, therupturespeed,themaximum

slip rate,the distribution of slip, andthe fault depth. As shown in table7.3, 15 of the simulationsusethe

layeredhalf-spacemodel,while theother2 usethehomogeneoushalf-spacemodel.Thebasecase,scenario

baseII,featuresahomogeneousslip distribution thatis taperedon threeedges,a rupturespeedof 80%of the

local shearwave speed,a maximumslip rateof 1.5m/sec,anda hypocenterlocatedmid-depthat thesouth
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Figure7.2: Density(ρ), shearwave speed(S),anddilatationalwave speed(P) asa functionof depthfor the
layeredhalf-space.

Figure7.3: Partitioningof thecoarsefinite-elementmodelamong256processorsfor the layeredhalf-space
usingtheinertial bisectionalgorithm.Eachcolor patchidentifiestheelementsof oneprocessor.

edgeof the fault (hypocenterHA). For eachparameterwe generallyvary the valueequallyaboutthe base

case,e.g.,weselectmaximumslip ratesof 2.0m/secand1.0m/secaboutthebasecasevalueof 1.5m/sec.

HypocenterLocations

Thefour hypocenterlocationson thesouthernhalf of thefault arelabeledHA throughHD in figure7.1,and

thepreciselocationsaregivenin figure7.4. HypocenterHA sitsmid-depthat thesouthernedgeof thefault,

hypocenterHB sitsmid-depthat thesouthernquarterpoint, hypocenterHC sitsat thebottomof thefault at

thesouthernquarterpoint,andhypocenterHD sitsat thecenterof thefault.



54

Scenario Slip Rupture Maximum Hypocenter Fault Material Mom.
Pattern Speed Slip Rate Location Depth Properties Mag.

% of β (m/sec) (km)

base unitaper 80 1.5 HA 0.0 layered 7.0
baseII semitaper 80 1.5 HA 0.0 layered 7.0
vr70 semitaper 70 1.5 HA 0.0 layered 7.0
vr90 semitaper 90 1.5 HA 0.0 layered 7.0
vs10 semitaper 80 1.0 HA 0.0 layered 7.0
vs20 semitaper 80 2.0 HA 0.0 layered 7.0
hymq semitaper 80 1.5 HB 0.0 layered 7.0
hybq semitaper 80 1.5 HC 0.0 layered 7.0
hymc semitaper 80 1.5 HD 0.0 layered 7.0
sliptop weakupper 80 1.5 HA 0.0 layered 7.0
slipbot weaklower 80 1.5 HA 0.0 layered 7.0
sliphet strongheter 80 1.5 HA 0.0 layered 7.0
slip3 semitaper3 80 1.5 HA 0.0 layered 7.1
fault4km unitaper 80 1.5 HA 4.0 layered 7.1
fault8km unitaper 80 1.5 HA 8.0 layered 7.1
homo semitaper 80 1.5 HA 0.0 homo. 7.1
hvr90 semitaper 90 1.5 HA 0.0 homo. 7.1

Table7.3: Summaryof theparametersfor theprescribedrupturesimulationson thestrike-slipfault.
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Figure7.4: Hypocenterlocationson thefault plane.

Slip Time Histories and Ruptur eSpeeds

We usethe integral of Brune’s far field time function (discussedin section5.2) for the slip time histories.

For eachsimulationwe set a spatially uniform maximumslip rate of 1.0m/sec,1.5m/sec,or 2.0m/sec.

Additionally, we independentlychoosea rupturespeedof 70%,80%,or 90%of thelocal shearwave speed.

Themedianvaluesof 1.5m/secand80%of theshearwavespeedcorrespondto atypicalslip rateandaverage

rupturespeedfoundin inversionsof stronggroundmotions(Heaton1990).Wechooseto keepthemaximum

slip rateuniform over the fault surface,becausegreatuncertaintystill exists regardingthe durationof slip

for very shallow rupture. Sourceinversionsof the Landersearthquake (Wald and Heaton1994) and the

Kobeearthquake (Wald 1996) inferredslip durationsof more than four secondsfor the shallow slip, but

eyewitnessesreportedslip durationsof onesecondor lessfor the1990Luzonearthquake in thePhillipines
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(YomogidaandNakata1994)andthe1983BorahPeakearthquake(Wallace1984).

We determinethefinal slip at eachnodeon thefault basedon thegivenspatialdistribution of slip. The

six slip distributionsinclude: a homogeneousdistribution that is taperedon all four edges(figure7.5), two

homogeneousdistributionsthataretaperedon threeedges(figure7.6 andfigure7.7), two weaklyheteroge-

neousdistributions(figure 7.8 andfigure 7.9), anda stronglyheterogeneousdistribution (figure 7.10). For

theheterogeneousdistributions,we startwith a homogeneousslip distribution with a nominalvalueandadd

30asperitieswith uniformrandomdistributionsof radii (asgivenin table7.4),heights(asgivenin table7.4),

strike locationsbetween2.0km and58km, anddip locationsbetween0.0km and13km. Theweaklyhetero-

geneousslip distributionshave a biastowardslargerslipson eithertheupperhalf of thefault (weakupper1)

or the lower half of thefault (weaklower2). We adjusttheheightof all asperitiesthat lie in thedip rangeof

thebiasby theamountgivenin table7.4.

Distribution Nominal Asperity Asperity Bias
Slip Heights Radii Dip HeightAdj.
(m) (m) (km) (km) (m)

weakupper 1.57 -0.25–1.0 5.0–10.0 2.0–7.5 +0.25
weaklower 1.52 -0.25–1.0 5.0–10.0 7.5–13.0 +0.25
strongheter 0.28 0.0–3.2 3.0–8.0 N/A 0.0

Table7.4: Asperityparametersusedin theheterogeneousslip distributionson thestrike-slipfault.

Figure7.5: Homogeneousslip distributionunitaperwhich is taperedonall four edgeswith anaverageslip of
2.0m andamaximumslip of 2.5m.

Fault Depth

We placethe top of the fault at threedifferentdepthswhile maintainingthe samelengthandwidth. When

we bury the fault 8.0km below the groundsurface,the materialpropertiesdo not vary appreciablyon the

fault surface.Consequently, the rupturespeedis nearlyuniform. Whenwe bury the fault 4.0km below the

groundsurface,the materialbecomessofter in the top 2.0km of the fault surface,and the ruptureslows
1Weakrefersto theheterogeneity, andupperrefersto theregion of greaterslip.
2Weakrefersto theheterogeneity, andlower refersto theregion of greaterslip.
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Figure7.6: Homogeneousslip distributionsemitaperwhich is taperedon threeedgeswith anaverageslip of
2.0m andamaximumslip of 2.3m.

Figure7.7: Homogeneousslip distribution semitaper3which is taperedon threeedgeswith anaverageslip
of 3.0m andamaximumslip of 3.4m.

Figure7.8: Weaklyheterogeneousslip distributionweakupperwhich is taperedon threeedgeswith anaver-
ageslip of 2.0m, a maximumslip of 4.7m, anda biastowardsslip nearthesurface.

down slightly asit runsthroughthis region. Whenthefault surfacereachesthegroundsurface,thematerial

becomesprogressively softerin thetop 6.0km. Theslower rupturespeednearthesurfacecausessignificant

curvaturein therupturefront.

7.1.3 Simulation Results

We will examineonly thebasecase,scenariobaseII,in detail.For theothersimulations,weexaminegroups

of scenariosin order to study the sensitivity of the groundmotionsto a single parameter. For all of the
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Figure7.9: Weaklyheterogeneousslip distribution weaklowerwhich is taperedon threeedgeswith anaver-
ageslip of 2.0m, a maximumslip of 3.4m, anda biastowardsslip at depth.

Figure7.10: Stronglyheterogeneousslip distribution strongheterwhich is taperedon threeedgeswith an
averageslip of 2.0m anda maximumslip of 7.8m.

scenarioswith the top of the fault at the groundsurfaceandan averageslip of 2.0m, the earthquakeshave

a momentmagnitudeof 7.0. Thus,for thesescenarios,any variability in thegroundmotionsis independent

of themomentmagnitude.Eachsimulationtook 2.8 hoursusing256processorson theIntel Paragonat the

CACR.

BaseCase

We startwith an examinationof the slip rateon the fault asa function of time. The snapshotsof slip rate,

shown in figure7.11,clearlyidentify thecurvatureof therupturefront. Therupturepropagatesslower in the

softermaterialin thetop6.0km of thedomain,sothattheruptureatthesurfacefallsfartherandfartherbehind

the ruptureat depth.Thewidth of therupturefront narrows in thesoftermaterialin responseto theslower

rupturespeed.Thejaggednessof therupturethatbeginsat aroundsixteensecondscomesfrom propagating

therupturefront with anincreasingcurvaturethroughthefinite elements.Furthermore,astherupturefront

nearstheedgeof thedomain,thefinal slipsdecreasewhile themaximumslip rateremainsuniform, so the

contoursof slip ratein figure7.11no longerrepresentthelocationof therupturefront.

Thevelocityon thegroundsurfaceshows thepropagationof theshearwaveanda trainof surfacewaves.

Figure 7.12 givessnapshotsin time of the magnitudeof the velocity vector at eachpoint on the ground

surface.Thevelocitieshave beenfilteredusinga fourth-orderButterworth filter with a cornerfrequency of
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Figure7.11:Snapshotsof slip rateon thefault surfacefor scenariobaseII.

0.5Hz. The magnitudeof the velocity nearthe fault increasesas the ruptureprogressesanddiesquickly

after the rupturereachesthe north endof the fault at about24sec. The mostseveregroundmotionsare

concentratedcloseto the fault. The ruptureexcitestrainsof surfacewavesthatpropagatebehindthe shear

wave andcreatea wedge-shapedinterferencepattern.While lessthantheamplitudeof theshearwave, the

amplitudesof someof thesurfacewavesdo exceed1.0m/secstartingat aroundthirteenseconds.

The maximumhorizontaldisplacementsandthe maximumhorizontalvelocitieson the groundsurface

(figure 7.13) give a clear picture of the effect of directivity on the groundmotions. Both the maximum

displacementsandthemaximumvelocitiesaresymmetricaboutthe fault planedueto the symmetryof the



59

Figure 7.12: Snapshotsof the magnitudeof the velocity vector at eachpoint on the groundsurfacefor
scenariobaseII.Thewhite line indicatestheprojectionof the fault onto thegroundsurface,andtheyellow
circle identifiestheepicenter.

problem. The shearwave with particlemotion perpendicularto the fault plane(east-westdirection)builds

asthe rupturepropagates.This leadsto a maximumhorizontaldisplacementof 2.2m at sites1.7km east

or westof the north endof the fault. The maximumvelocity of 2.9m/secoccursslightly farthersouthat

siteslocated6.7km southand0.5km eastor westof the north endof the fault. The maximumvelocities

(filtered to periodslongerthan2.0sec)exceed1.0m/secover anareaof 700squarekilometers.In contrast

to themaximumdisplacementsthat increasealongthe strike of the fault, themaximumvelocitiesincrease,
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decrease,andthenincreaseagainalongthe strike of the fault. The changingcurvatureof the rupturefront

disruptsthe reinforcementof the shearwave by the propagatingruptureand causesthe reductionin the

maximumvelocitieson thegroundsurfaceabove thecenterof thefault. However, thereinforcementof the

rupturefront stabilizes,andthevelocitiesbuild for approximatelythelast25km of therupture.

Figure7.13: Maximummagnitudesof thehorizontaldisplacementandvelocity vectorsat eachpoint on the
groundsurfacefor scenariobaseII.Thewhite line indicatestheprojectionof thefault planeontotheground
surface,andtheyellow circle identifiestheepicenter.

The directivity of the rupturecauseslarge variationsin the groundmotionswith changesin azimuth

(anglebetweenthe projectionof the slip vectoronto the groundsurfaceandthe vectorfrom the epicenter

to the site). We will considertwo siteslocated10km from the edgeof the fault but with azimuthsthat

differ by 90 degrees;the sitesare labeledS1 andS2 in figure 7.1. Site S1 lies 10km north of the north

endof thefault (azimuthof 0 degrees)andsiteS2lies10km eastof thefaultcenter(azimuthof 90degrees).

Figure7.14showsall threedisplacementandvelocitycomponentsfor thetwo points.Boththedisplacements

andvelocitieshave beenfilteredusinga fourth-orderButterworth filter with a cornerfrequency of 0.5Hz.3

The north-southandvertical componentsarenegligible at site S1 becausethe site falls on the north-south

runningline of symmetry. TheverticalcomponentatsiteS2is alsoverysmall.ThismeansthatatsiteS1the

only surfacewaveswe observeareLovewaves,while at siteS2we observebothLoveandRayleighwaves.

Themostimportantdifferencebetweenthetwo sitesis thefactthat,while bothhavesimilarpeakhorizon-

tal displacements(1.2m at siteS1and0.90m at siteS2),thepeakhorizontalvelocity at siteS1is 2.6 times
3Weusethesamedigital filter onall subsequentdisplacementandvelocity time histories.



61

greaterthanthe peakhorizontalvelocity at site S2 (1.2m/secat site S1 versus0.48m/secat site S2). The

directivity effect causestheshearwave energy from all pointson thefault to arrive at nearlythesametime

at siteS1. At siteS2theenergy arrivesover a longerinterval of time which reducesthepeakvelocity. This

is evident in theaccelerationresponsespectra4 in figure7.15,wherethespectrumfor siteS1containslarge

peaksat periodsof 1.9secand3.1sec,andthespectrumfor siteS2containsa small,broadpeakcenteredat

around3.0sec.
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Figure7.14:Displacementandvelocity timehistoriesat sitesS1andS2for scenariobaseII.

Material Properties

In orderto understandtheeffect of includingsoftermaterialnearthegroundsurface,we comparethewave-

formsat sitesS1andS2from thebasecase,scenariobaseII,wherewe usea layeredhalf-space,with those

from scenariohomo,wherewe usea homogeneoushalf-space.The horizontaldisplacements(figure 7.16)

at sitesS1 andS2 provide a goodrepresentationof the differencesin the groundmotionsbetweenthe two

scenarios.Thedisplacementsaresignificantlylarger in the layeredhalf-space,andthe time historiesin the

homogeneouscasedo not containthefour or five cyclesof motionassociatedwith thesurfacewavesfound

in the layeredhalf-space.At bothsitesthe final displacementsmatchvery well asdo the very long-period

motions.Hence,whenwe prescribetheslip on thefault, thesoftermaterialnearthesurfacehaslittle effect
4The waveformshave beenrotatedinto the direction with the maximumpeakto peakvelocity using a resolutionof 2 degrees

(90degreeseastof northfor siteS1and88degreeseastof northfor siteS2).
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Figure7.15:HorizontalaccelerationresponsespectraatsitesS1andS2for scenariobaseII.
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Figure7.16:Comparisonof horizontaldisplacementtimehistoriesatsitesS1andS2for a layeredhalf-space
versusahomogeneoushalf-space.

on the very long-periodprogressiontowardsthe final deformation. However, the layeredhalf-spacegen-

eratesmuchlarger, shortperioddisplacementswith four or five cyclescomparedto the singlecycle in the

homogeneoushalf-space.
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Ruptur eSpeed

We examinethe variability of the groundmotionsto threedifferentrupturespeedssetrelative to the local

shearwave speed;scenariovr70 usesa rupturespeedof 70%of thelocal shearwave speed,scenariobaseII

usesa rupturespeedof 80% of the local shearwave speed,andscenariovr90 usesa rupturespeedof 90%

of the local shearwave speed.As we increasetherupturespeedtowardstheshearwave speed,we increase

the efficiency of the reinforcementof the shearwave, becausewe reducethe relative distancebetweenthe

shearwaveandthefollowing rupturefront. If wecomparethemaximumhorizontalvelocitieson theground

surfacefrom scenariovr90 (figure7.17)with thosefrom scenariobaseII(figure7.13),we seethat thepeak

horizontalvelocity increasesfrom 2.9m/secto 3.5m/sec. Furthermore,the doublelobe patterndisappears

becausethecurvatureof therupturefront changesmorerapidlyandtheamplitudeof theshearwavevelocity

quickly stabilizes.As aresult,for afixeddistancefrom thefault,themaximumvelocityin theeast-west(fault

normal)directionbecomesnearlyuniform alongthe northern40km of the fault. The maximumvelocities

exceed2.5m/secalongthisnorthernsectionout to adistanceof approximatelytwo kilometersfrom thefault.

Figure7.17: Maximummagnitudesof thehorizontaldisplacementandvelocity vectorsat eachpoint on the
groundsurfacefor scenariovr90. Thewhite line indicatestheprojectionof the fault planeonto theground
surface,andtheyellow circle identifiestheepicenter.

ComparingthehorizontalvelocitycomponentsatsitesS1andS2for thethreescenarios(figure7.18),we

seesharperphasearrivalsastherupturespeedincreases.Thetravel timeto thehypocenterremainsthesame,

but theenergy from all partsof the fault arrivesclosertogetherin time. At sitesS1andS2we seethat this

leadsto a substantialincreasein theamplitudeof theshearwave,while theamplitudesof thesurfacewaves
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remainrelatively unchanged.Besidesbeingcompressedin time, the generalshapesof the groundmotions

remainthesame.
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Figure7.18:Comparisonof horizontalvelocity time historiesatsitesS1andS2for thethreerupturespeeds.

Figure7.19showsthemaximumdisplacementsandvelocitiesalongtheeast-westline thatpassesthrough

thenorth tip of thefault for eachof thethreerupturespeeds.As therupturespeedincreases,themaximum

velocitiesexhibit a relatively greaterincreasethanthe maximumdisplacements.The maximumvelocities,

however, decaywith distancefrom thefaultmorerapidly thanthemaximumdisplacements.Figure7.19also

includesthenear-sourcegroundmotionfactor, Nv, from the1997Uniform Building Code(UBC). TheUBC

usesthenear-sourcefactorto accountfor thegreaterdemandplacedon structuresarisingfrom earthquakes

on nearbyfaultscomparedto thoseon faults fartheraway. We assumethat the maximumdisplacements

andmaximumvelocitiescorrelatewith theseismicdemandon a structure,so thatwe want theshapeof the

near-sourcecurve to mimic the shapesof the maximumdisplacementsandmaximumvelocities. We focus

on thegeneralshapeof thenear-sourcefactoranddo not correlatevaluesof thenear-sourcefactorwith any

specificdisplacementsof velocities. We matchthe near-sourcefactorcurve with the averageof the peak

maximumdisplacementsor velocitiesandthe averageof the maximumdisplacementsor velocitiesat sites

located15km from the fault. The shapeof the near-sourcefactorcurve closelymatchesthe shapeof the

maximumdisplacements.The shapeof the near-sourcefactor curve matchesthe shapeof the maximum

velocities,exceptthecurveof themaximumvelocitieshasanarrowerpeak.



65

0.0

0.5

1.0

1.5

2.0

2.5

D
is

pl
ac

em
en

t (
m

)
1.0
1.2

1.6

2.0

N
ea

r 
S

ou
rc

e 
F

ac
to

r,
 N

v

−20 −15 −10 −5  0  5 10 15 20 
0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5

EW Distance from Fault (km)

V
el

oc
ity

 (
m

/s
ec

)

70%
80%
90%
Nv

1.0
1.2

1.6

2.0

N
ea

r 
S

ou
rc

e 
F

ac
to

r,
 N

v

Figure7.19: Maximummagnitudesof the horizontaldisplacementandvelocity vectorsalongan east-west
line runningthroughthe north tip of the fault for the threerupturespeeds.The thick, dashedline indicates
thenear-sourcegroundmotionfactor, Nv, from the1997Uniform Building Code.

Maximum Slip Rate

Scenariosvs10,baseII,andvs20allow comparisonof thegroundmotionsfrom simulationswith maximum

slip ratesof 1.0m/sec, 1.5m/sec,and2.0m/sec, respectively. Figure7.20 illustratesthe sensitivity of the

velocity groundmotionsat sitesS1 andS2 to variationsin the maximumslip rate. At sitesS1 andS2 the

velocity amplitudesexhibit a moderateincreasewith maximumslip rate,but the phasearrival timesdo not

change.As themaximumslip rateincreases,theslip on thefault occursovera shorterperiodof time which

reducesthe width of the rupturefront. Becausethe leadingedgeof the rupturefront is controlledby the

rupturespeed,it remainsthe samedistancebehindthe shearwave as we changethe maximumslip rate.

Consequently, whenwe increasethemaximumslip rate,thecenterof therupturefront movescloserbehind

the shearwave. This leadsto moreefficient reinforcementof the shearwave, andhence,larger amplitude

displacementsandvelocities.

Comparingthemaximumdisplacementsandvelocitiesontheeast-westline runningthroughthenorthtip

of thefault for thethreeslip rates(figure7.21)with thosein figure7.19for thethreerupturespeeds,we see

thatincreasingtheslip rateproducesaslightly greaterincreasein themaximumdisplacementsandvelocities

thananincreasein therupturespeed.As we notedabove,whereastherupturespeedstronglyinfluencesthe

phasearrivals,the variationin slip ratesdoesnot influencethephasearrivals. Theshapeof the UBC near-

sourcefactorcurve matchestheshapesof themaximumdisplacementsandvelocitiesin almostanidentical

fashionasit did for thescenarioswith thedifferentrupturespeeds.
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Figure7.20: Comparisonof horizontalvelocity time historiesat sitesS1andS2for thethreemaximumslip
rates.
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Figure7.21: Maximummagnitudesof the horizontaldisplacementandvelocity vectorsalongan east-west
line running throughthe north tip of the fault for the threemaximumslip rates. The thick, dashedline
indicatesthenear-sourcegroundmotionfactor, Nv, from the1997Uniform Building Code.
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HypocenterLocation

Westudythesensitivity of thegroundmotionsto thelocationof thehypocenterusingscenariobaseII(where

hypocenterHA sits at the middle of the southedgeof the fault asillustratedin figure 7.4), scenariohymq

(wherehypocenterHB sits mid-depthat the southernquarterpoint), scenariohybq (wherehypocenterHC

sitsat thebottomof the fault at the southernquarterpoint), andscenariohymc(wherehypocenterHD sits

at the centerof the fault). Changingthe locationof the hypocentersignificantlyaltersthe groundmotions

in somelocationsbut hasa minimal impact at other locations. If we comparethe maximumhorizontal

displacementsandvelocitieson the groundsurfacefor scenariohybq (figure 7.22) to thosefrom scenario

baseII,we find the maximumdisplacementsandvelocitiesremainrelatively unchangedat the north endof

the fault. However, at the southendof the fault the spatialvariationof the maximumdisplacementsand

velocitieschangesdrastically.

Figure7.22: Maximummagnitudesof thehorizontaldisplacementandvelocity vectorsat eachpoint on the
groundsurfacefor scenariohybq. Thewhite line indicatestheprojectionof thefault planeontotheground
surface,andthepurplecircle identifiestheepicenter.

Whenwe placethe hypocenterat the middle edgeof the fault (hypocenterHA), the rupturereinforces

the shearwave almostexclusively in the region north of the hypocenter. By moving the hypocenterto the

bottomquarterpoint (hypocenterHC), the rupturereinforcesthe shearwave as it propagatestowardsthe

north,towardsthesouth,andtowardsthegroundsurface.Thereinforcementof theshearwave southof the

epicenteroccursin thesamemannerasit doesto thenorth. Consequently, themaximumdisplacementsand

velocitiessouthof theepicentermatchthosethesamedistanceto thenorthuntil weencounterthetermination
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of theruptureat thesouthendof thefault. Thepropagationof therupturetowardsthesurfacereinforcesthe

shearwavespropagatingnormalto the fault. In the top 6.0km of thedomain,theshearwavespropagating

normalto thefault refracttowardsthesurfacedueto theverticalvariationin materialproperties.Thiscreates

the local peakin the maximumdisplacementsandvelocitiesapproximatelythreekilometersfrom the fault

neartheepicenter.

Thegroundmotionsat siteS1exhibit minor differenceswith changesin the locationof thehypocenter,

while thegroundmotionsat siteS2exhibit majordifferences.For eachof thefour hypocenterlocations,site

S1lies alonganazimuthof 0 degrees.Furthermore,siteS1lies far enoughaway from thehypocenterin all

four casesthattheamplitudeof theshearwave velocity stabilizeswell beforeit arrivesat siteS1. As shown

in figure 7.23, the arrival timesdiffer, but the amplitudesof the displacementtime historiesremainabout

the same.Similarly, the pointsalongthe east-westline throughthe north tip of the fault lie in the forward

directionfor all four hypocenterlocations.Figure7.24shows thereis negligible variationin themaximum

horizontaldisplacementsandvelocitiesat thesesitesfor thefour hypocenterlocations,andtheshapeof the

UBC near-sourcecurvecontinuesto mimic theshapesof themaximumdisplacementsandvelocities.
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Figure7.23:Comparisonof horizontaldisplacementtimehistoriesatsitesS1andS2for thefour hypocenter
locations.

At the other end of the spectrum,site S2 lies along threedifferent azimuthsfor the four hypocenter

locations.Whenwe placethe hypocenterat the centerof the fault (hypocenterHD), site S2 lies on a node

in the radiationpatternfor displacementin the east-westandvertical directions,so it experiencesmotion

only in the north-southdirection(figure 7.23). In this case,the sharparrival of the shearwave dominates
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Figure7.24: Maximummagnitudesof the horizontaldisplacementandvelocity vectorsalongan east-west
line running throughthe north tip of the fault for the four hypocenterlocations. The thick, dashedline
indicatesthenear-sourcegroundmotionfactor, Nv, from the1997Uniform Building Code.

themotionin thenorth-southdirection.For thethreeotherhypocenterlocations,theeast-west(faultnormal)

displacementsaregreaterthanor equalto thenorth-south(fault parallel)displacements.As wemight expect

basedon theobservationsat siteS1,wefind only minorvariationsin thegroundmotionsatsiteS2whenwe

comparethegroundmotionsfrom thetwo hypocenterlocationsat thesouthernquarterpoint,becausesiteS2

remainsalongthesameazimuth.Thus,aswe move thehypocenter, siteS2experienceslargefluctuationsin

thegroundmotions,particularlyin theeast-westdirectionwherethemotionvariesfrom beingmuchsmaller

thanthenorth-southmotionto equalto or greaterthanthenorth-southmotion.

Slip Distrib ution

Thesimulationsincludeahomogeneousslip distributionwithoutsurfacerupturein scenariobase,ahomoge-

neousslip distribution with surfacerupturein scenariobaseII,a weaklyheterogeneousslip distribution with

a biastowardsslip nearthesurfacein scenariosliptop,a weaklyheterogeneousslip distribution with a bias

towardsslip at depthin scenarioslipbot,anda stronglyheterogeneousslip distribution in scenariosliphet.

Smallperturbationsin thefinal distributionof slip causenegligible differencesin thegroundmotions.Large

perturbationsdo affect thegroundmotions,particularlythedisplacementtime histories.Figure7.25shows

themaximumdisplacementsandvelocitiesonthegroundsurfacefor scenariosliphet,whichusesthestrongly

heterogeneousslip distributionshown in figure7.10.In thiscase,therupturedoesnotcontinuouslyreinforce

theshearwave; insteadit reinforcestheshearwavein shortintervals.As aresult,themaximumdisplacements
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form a complex patternof peaksandvalleys comparedto thesimplepatternassociatedwith homogeneous

slip (figure7.13).

Figure7.25: Maximummagnitudesof thehorizontaldisplacementandvelocity vectorsat eachpoint on the
groundsurfacefor scenariosliphet.Thewhite line indicatestheprojectionof thefault planeontotheground
surface,andtheyellow circle identifiestheepicenter.

Themaximumvelocitiesexhibit lesssensitivity to theheterogeneityin slip, andthedistribution closely

resemblesthatof thehomogeneousslip case.Themaximumdisplacementsandvelocitiescloseto the fault

remainapproximatelythesame,but away from thefault thedisplacementsandvelocitiestendto beslightly

smaller. At thenorthendof thefault, asrevealedby figure7.26,themaximumdisplacementsandvelocities

do not noticeablychangewith theincreasein heterogeneityof thefinal slip distribution.

Minor perturbationsto theslip distributionthatincludetaperingtheslip nearthesurfaceor addingasmall

amountof heterogeneityresult in almostno changein the displacementandvelocity time historiesat both

sites(figure 7.27). At site S2 the stronglyheterogeneousslip distribution causessignificantchangesto the

amplitudesandalterstheshapeof thedisplacementtime histories.At siteS1energy from all pointson the

faultarrivesclosertogetherwhichgreatlyreducestheeffectcausedby thediscontinuityof thereinforcement

of theshearwave. Consequently, thestrongheterogeneityin thefinal slip distributionhaslessof aneffectat

siteS1thanit doesat siteS2.Remarkably, at bothsitesthepeakdisplacementsremainrelatively unchanged

acrossall of the slip distributions. However, basedon the maximumdisplacementson the entireground

surfacewhichwediscussedabove,weknow largeperturbationsin theslip distributionmaysignificantlyalter

thepeakdisplacements.
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Figure7.26: Maximummagnitudesof the horizontaldisplacementandvelocity vectorsalongan east-west
line runningthroughthenorth tip of thefault for thefive slip distributions. Thethick, dashedline indicates
thenear-sourcegroundmotionfactor, Nv, from the1997Uniform Building Code.
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Figure7.27: Comparisonof horizontaldisplacementtime historiesat sitesS1andS2for thefive slip distri-
butions.
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AverageSlip

Increasingthe averageslip from 2.0m in scenariobaseII to 3.0m in scenarioslip3, while maintaininga

maximumslip rateof 1.5m/sec,increasesthe amplitudesof the displacementsbut haslittle effect on the

amplitudesof thevelocities.Whenwe changetheaverageslip, we alsoincreasethemomentmagnitudeof

the earthquake from 7.0 to 7.1. The largeramplitudedisplacementsareclearly visible in the displacement

time historiesat sitesS1 andS2 shown in figure 7.28. Imposingthe samemaximumslip ratecausesthe

maximumslip rateto occurlaterin theslip timehistoryandresultsin aslightdelayin thepeakdisplacement

amplitudes.Althoughnot shown, we seenearlynegligible variationsin theamplitudesof thevelocity time

historieswith theincreasein averageslip. Along theeast-westline runningthroughthenorthtip of thefault

(figure7.29),we alsoobserveanincreasein thepeakdisplacementswith no accompanying increasein peak

velocities. With suchminor differencesin the groundmotions,it is no surprisethat the shapeof the UBC

near-sourcefactorcurvecontinuesto closelyfollow theshapesof themaximumdisplacementsandmaximum

velocities.

−1.6

−1.2

−0.8

−0.4

−0.0

 0.4

 0.8

 1.2

N
S

 D
is

pl
ac

em
en

t (
m

)

Site S1

2.0 m
3.0 m

−1.2
−1.0
−0.8
−0.6
−0.4
−0.2
 0.0
 0.2
 0.4

Site S2

 0 10 20 30 40 50 60
−1.6

−1.2

−0.8

−0.4

−0.0

 0.4

 0.8

 1.2

Time (sec)

E
W

 D
is

pl
ac

em
en

t (
m

)

 0 10 20 30 40 50 60
−1.2
−1.0
−0.8
−0.6
−0.4
−0.2
 0.0
 0.2
 0.4

Time (sec)

Figure7.28: Comparisonof horizontaldisplacementtime historiesat sitesS1andS2for the two valuesof
averageslip.

Fault Depth

Weevaluatetheeffectof thedepthof thefaultusingtheresultsfrom scenariosbaseII,fault4km,andfault8km.

It is interestingto notethat increasingthe depthof the top of fault, while usingthe sameslip distribution,



73

0.0

0.5

1.0

1.5

2.0

2.5

D
is

pl
ac

em
en

t (
m

)
1.0
1.2

1.6

2.0

N
ea

r 
S

ou
rc

e 
F

ac
to

r,
 N

v

−20 −15 −10 −5  0  5 10 15 20 
0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5

EW Distance from Fault (km)

V
el

oc
ity

 (
m

/s
ec

)

2.0 m
3.0 m
Nv

1.0
1.2

1.6

2.0

N
ea

r 
S

ou
rc

e 
F

ac
to

r,
 N

v

Figure7.29: Maximummagnitudesof the horizontaldisplacementandvelocity vectorsalongan east-west
line running throughthe north tip of the fault for the two valuesof averageslip. The thick, dashedline
indicatesthenear-sourcegroundmotionfactor, Nv, from the1997Uniform Building Code.

shiftstheslip to a regionwith a largershearmodulusandleadsto a slight increasein themomentmagnitude

of the earthquake. Lowering the top of the fault to 4.0km below the groundsurfaceincreasesthe moment

magnitudefrom 7.0 to 7.1, but lowering the fault anadditional4.0km providesno noticeableeffect on the

momentmagnitude,and it remainsat 7.1. While droppingthe fault hasthe sameeffect on the moment

magnitudeasincreasingtheaverageslip, theeffecton thegroundmotionsis verydifferent.

In general,thelower thedepthof thefault, thesmallertheamplitudeof thegroundmotions.Figure7.30

shows that lowering the top of the fault to 4.0km below the groundsurfacedoesnot have asmuchimpact

aslowering thetop of the fault to 8.0km below thegroundsurface.As long asthe top of the fault remains

lessthan6.0km below thegroundsurface,slip occursin thesoftermaterialat thetop of thedomain,andthe

energy tendsto refracttoward the groundsurface. Whenwe drop the top of the fault to 4.0km below the

groundsurface,we seelittle reductionin theamplitudeof thedisplacementtimehistoriesat sitesS1andS2,

particularlyin the north-southdirectionat siteS2. No slip occursin the region of softermaterialwhenthe

top of thefault sits8.0km below thegroundsurface.This explainswhy droppingthefault 8.0km below the

groundsurfacegreatlyreducestheamplitudeof thedisplacementsandvelocities.
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Figure7.30: Comparisonof horizontaldisplacementtime historiesat sitesS1andS2for thethreedepthsof
thetop of thefault.
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7.2 Thrust Fault

We setup the geometryof the thrustfault so that it closelyresemblesthat of the ElysianPark fault under-

neathLos Angelesasdescribedby Hall et al. (1995). Thefault measures28km long and18km wide, dips

23 degreesto thenorth,andprojectsontothegroundsurfaceanarea28km long by 16.6km wide. For most

of thesimulationswebury thefault8.0km below thegroundsurface.Weenclosethefault in adomain60km

long by 60km wide by 24km deepasillustratedin figure7.31.We imposeobliqueslip with a rake angleof

105degreesfrom thestrike to thewest.

Figure7.31: Orthographicprojectionof thedomaingeometryfor the thrustfault for thecasewherethetop
of thefault lies 8.0km below thegroundsurface.ThelabelsHA throughHD denotethevarioushypocenter
locations.We will examinethewaveformsat sitesS1andS2.

7.2.1 Finite-Element Model

We usea total of four finite-elementmodels,onefor eachof thethreefault depthsin thelayeredhalf-space,

and one for the homogeneoushalf-space. For the layeredhalf-spacewe usethe samematerialproperty

variationwith depththatwe usefor the strike-slipdomain. Figure7.32reproducesthe massdensity, shear

wavespeed,anddilatationalwavespeedoverthedepthrangeof thisdomainfor thelayeredhalf-spaceshown

in figure7.2. We take thematerialpropertiesof thehomogeneoushalf-spacefrom thematerialpropertiesof

thelayeredhalf-spaceat depthof 6.0km.

From the coarsemeshcreatedwith IDEAS, we usethe 4x refinementprocedureto createa meshwith

the appropriateresolutionfor propagationof waveswith periodsdown to 2.0sec. Table7.5 givesthe sizes

of thefinite-elementmodelsat coarseandfine resolutionfor thelayeredandhomogeneoushalf-spaces.For

the layeredhalf-spacefigure 7.33 illustratesthe inertial bisectionof the finite-elementmeshamong256

processors.Eachsimulationtook1.2hoursusing256processorsof theIntel Paragonat theCACR.
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Figure7.32:Density(ρ), shearwavespeed(S),anddilatationalwavespeed(P)asa functionof depthfor the
layeredhalf-space.

Fault Coarse Fine
Depth # Nodes # Elements # Nodes # Elements

Homogeneous 8km 6700 33,000 420,000 2.1million
8km 26,000 120,000 1.7million 7.7million

Layered 4km 27,000 130,000 1.8million 8.3million
0km 26,000 120,000 1.6million 7.6million

Table7.5: Sizesof thefinite-elementmodelsof thelayeredandhomogeneoushalf-spacesat coarseandfine
resolution.

Figure7.33:Partitioningof thecoarsefinite-elementmodelamong256processorsfor thelayeredhalf-space
usingtheinertial bisectionalgorithm.Eachcolor patchidentifiestheelementsof oneprocessor.
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7.2.2 Earthquake SourceParameters

Wefollow thesameprocedurethatweusefor thestrike-slipfaultandsystematicallyvary thefiveearthquake

sourceparameters;theseinclude the hypocenterlocation, the rupturespeed,the maximumslip rate, the

distribution of slip, andthefault depth.Table7.6summarizestheparametersfor eachof the14 simulations.

Thebasecasefeaturesafaultburied8.0kmbelow thegroundsurface,ahomogeneousslipdistributiontapered

at theedges,a rupturespeedof 80%of thelocal shearwave speed,a maximumslip rateof 1.5m/sec,anda

hypocenterlocatedat thebottomcenterof thefault.

Scenario Slip Rupture Maximum Hypocenter Fault Material Mom.
Pattern Speed Slip Rate Location Depth Properties Mag.

% of β (m/sec) (km)

base unitaper 80 1.5 HA 8.0 layered 6.8
vr70 unitaper 70 1.5 HA 8.0 layered 6.8
vr90 unitaper 90 1.5 HA 8.0 layered 6.8
vs10 unitaper 80 1.0 HA 8.0 layered 6.8
vs20 unitaper 80 2.0 HA 8.0 layered 6.8
hybc unitaper 80 1.5 HB 8.0 layered 6.8
hyme unitaper 80 1.5 HC 8.0 layered 6.8
hymc unitaper 80 1.5 HD 8.0 layered 6.8
sliptop weakupper 80 1.5 HA 8.0 layered 6.8
slipbot weaklower 80 1.5 HA 8.0 layered 6.8
slip2 unitaper2 80 1.5 HA 8.0 layered 7.0
fault4km unitaper 80 1.5 HA 4.0 layered 6.7
fault0km unitaper 80 1.5 HA 0.0 layered 6.6
homo8km unitaper 80 1.5 HA 8.0 homo. 6.7

Table7.6: Summaryof theparametersfor theprescribedrupturesimulationson thethrustfault.

HypocenterLocations

Figure7.31illustratesthegenerallocationsof thefour hypocenters(labeledHA throughHD) andfigure7.34

givesthe preciselocationsof the hypocenterson the fault plane. HypocenterHA lies at the centerof the

bottomedgeof thefault,hypocenterHB liesat thenortheastcornerof thefault,hypocenterHC lies approx-

imatelymid-depthon theeasternedgeof thefault, andhypocenterHD lies approximatelymid-depthon the

north-southrunningcenterline.

Slip Time Histories and Ruptur eSpeeds

For the slip time historieswe usethe integral of Brune’s far field time function. We also independently

setthe maximumslip rateto either1.0m/sec,1.5m/sec,or 2.0m/secandthe rupturespeedto either70%,

80%,or 90%of thelocal shearwave speed.Thespatialdistributionsof final slip includetwo homogeneous

distributionsthataretaperedon all four edges(figure7.35andfigure7.36)andtwo weaklyheterogeneous

distributions(figure7.37andfigure7.38). Theheterogeneousslip distributionseachhave a nominalslip to
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Figure7.34:Hypocenterlocationson thefault plane.

which we add20 asperitieswith uniform randomdistributionsof radii (asgiven in table7.7), heights(as

givenin table7.7),strike locationsbetween2.0km and26km, anddip locationsbetween2.0km and16km.

Theweaklyheterogeneousslip distributionshaveabiastowardsslip on eithertheupper(weakupper5) or the

lower (weaklower6) half of thefault surface.We adjusttheheightof theasperitiesthatlie in thedip rangeof

thebiasby theamountgivenin table7.7.

Distribution Nominal Asperity Asperity Bias
Slip Heights Radii Dip HeightAdj.
(m) (m) (km) (km) (m)

weakupper 0.66 -0.25–0.50 5.0–8.0 2.0–8.0 +0.50
weaklower 0.68 -0.25–0.50 5.0–8.0 8.0–16.0 +0.50

Table7.7: Asperityparametersusedin heterogeneousslip distributionson thethrustfault.

Fault Depth

In orderto beableto studythesensitivity of thegroundmotionsto fault depth,we placethetop of thefault

at depthsof 8.0km, 4.0km, and0.0km while maintainingthe samelength,width, anddip. Whenwe bury

the top of the fault 8.0km below thegroundsurface,the bottomof the fault sits15.0km below the ground

surface.

7.2.3 Simulation Results

Wewill follow thesameprocedurethatweuseto studythestrike-slipsimulations:weexaminethebasecase

in detailandanalyzetheothersimulationsin groupsbasedon thevariationof oneof theparameters.When
5Weakrefersto theheterogeneity, andupperrefersto theregion of greaterslip.
6Weakrefersto theheterogeneity, andlower refersto theregion of greaterslip.
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Figure7.35: Homogeneousslip distribution unitaperwhich is taperedon all four edgeswith anaverageslip
of 1.0m andamaximumslip of 1.3m.

Figure7.36:Homogeneousslip distributionunitaper2which is taperedonall four edgeswith anaverageslip
of 2.0m andamaximumslip of 2.6m.

we bury thetop of thefault 8.0km below thegroundsurfaceandprescribeanaveragefinal slip of 1.0m, the

earthquakeshave a momentmagnitudeof 6.8. Thesimulationstook 1.2 hoursusing256processorson the

Intel Paragonat theCACR.

BaseCase

We begin by analyzingthe groundmotionson a north-southvertical slice throughthe centerof the fault.

Figure7.39shows the magnitudeof the velocity vectorsat eachpoint on the slice. We allow the scaleto

saturateat0.5m/secin orderto illustratethegroundmotionsatdepthmoreclearly. As therupturepropagates

upthefault,thelargestvelocitiesareconfinedto anarrow regionnearthefault. Oncetheseismicwavesreach

thesoftermaterialin thetop 6.0km of thedomain,thevelocitiesincreaseandsaturatethescale.Beginning

at 9.0secthe mostseveremotionsareconfinedto the groundsurfaceandarepropagatingto the south. In
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Figure 7.37: Weakly heterogeneousslip distribution weakupperwhich is taperedon threeedgeswith an
averageslip of 1.0m, a maximumslip of 2.3m, anda biastowardsslip nearthesurface.

Figure7.38: Weaklyheterogeneousslip distribution weaklower taperedon threeedgeswith anaverageslip
of 1.0m, amaximumslip of 2.2m, andabiastowardsslip at depth.

contrastto the areasouthof the epicenter, over the entireregion to the north of the epicenter, we observe

groundmotionswith velocitieslessthan0.15m/sec.

The seismicwavesreachthe groundsurfaceapproximatelyfive secondsafter the rupturebegins. Fig-

ure 7.40 displaysthe magnitudeof the velocity vectorsat eachpoint on the groundsurfacebeginning at

6.0sec.As wenotedabove,themostsevereshakingoccursin theregionextendingfrom abovethetopof the

fault to nearthesouthedgeof thedomain. Thesnapshotof thevelocity at 10.0secclearlyshows a double

velocity pulseassociatedwith the out andbackmotion of the groundwith peaksin both the positive and

negative directionsexceeding0.8m/sec. The peakvelocitiesdevelop in the secondpulseat aroundtwelve

seconds,afterwhich theamplitudesdecaydueto geometricspreadingasthewavescontinueto propagateto

thesouth. Theshearwave with the doublepulseis followedby Love andRayleighwaveswith amplitudes

muchsmallerthantheshearwave.
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Figure7.39: Snapshotsof the magnitudeof the velocity vectoron a north-southvertical slice throughthe
centerof thefault for scenariobase.Thewhite line indicatestheprojectionof thefaultontotheslice,andthe
yellow circle identifiesthehypocenter.

Themaximumdisplacements(figure7.41)andvelocities(figure7.42)occurfive kilometerssouthof the

top of the fault. The slip directionwith a rake angleof 105 degreesskews the maximumdisplacements

andmaximumvelocitiesslightly towardsthe east. The particlemotion of the shearwavesbecomesmore

horizontalas the shearwave propagatesthroughthe softer material. This causesa maximumhorizontal

displacement1.5 times the maximumvertical displacement(1.1m versus0.75m). The velocitiesexhibit

an even greaterdisparity with the maximumhorizontalvelocity 3.0 times the maximumvertical velocity

(1.2m/secversus0.40m/sec).Themaximum,filteredhorizontalvelocitiesexceed1.0m/secoveranareaof

100squarekilometers.Thefinal deformationat thegroundsurface(notshown) involvesbothhorizontaland

verticalcomponentswhich tendsto moreevenlydistributethedisplacementamongthetwo directions.

Thedisplacementsandvelocitiesat sitesS1andS2givenin figure7.43exemplify thedisparitybetween

the motion in the forward direction (southof the fault) and the motion in the backwardsdirection (north

of the fault). As shown in figure 7.31,site S1 lies above the southeastcornerof the fault, andsite S2 lies

above the centerof the northernedgeof the fault, which in this casecoincideswith the epicenter. At site

S1 the shearwave arrival consistingof a singlepulsein displacementanda correspondingdoublepulsein



82

Figure 7.40: Snapshotsof the magnitudeof the velocity vector at eachpoint on the groundsurfacefor
scenariobase.The white line indicatesthe projectionof the fault onto the groundsurface,andthe yellow
circle identifiestheepicenter.

Figure7.41: Maximummagnitudesof thehorizontalandverticaldisplacementvectorsat eachpoint on the
groundsurfacefor scenariobase.Thewhite line indicatestheprojectionof the fault planeonto theground
surface,andtheyellow circle identifiestheepicenter.
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Figure7.42:Maximummagnitudesof thehorizontalandverticalvelocityvectorsateachpointontheground
surfacefor scenariobase.Thewhite line indicatestheprojectionof thefault planeontothegroundsurface,
andtheyellow circle identifiestheepicenter.

velocity dominatesthemotionon all threecomponents.Thehorizontalmotionoccursalmostexclusively in

thesoutheastdirectionandis skewedto theeastof theslip direction.As wenotedabove,thepeakhorizontal

displacementexceedsthepeakverticaldisplacementby approximately40%.Thearrival of theshearwave is

followedby thearrival of Love andRayleighwavesbut with almostnegligible amplitudescomparedto the

shearwave. SiteS2receivesfar lessshearwaveenergy, andtheenergy arrivesovera longerinterval of time.

As a result,theamplitudeof theshearwaveblendsin with thesmallamplitudesurfacewaves.

Wecomputetheresponsespectraatbothsitesfollowing thesameprocedurethatweusefor thestrike-slip

fault outlinedin section7.1.3. In this casewe rotatethe groundmotionsat sitesS1andS2 to 140degrees

eastof northand170degreeseastof north,respectively. Thehorizontalaccelerationresponsespectrashown

in figure 7.44vividly illustratethe severity of the groundmotion at site S1 comparedto the ratherbenign

groundmotionat siteS2.Theresponsespectrumfor siteS1displaysa broadpeakof 40%g centeredaround

a period2.6sec.Theresponsespectrumfor siteS2,in contrast,is nearlyflat with a level below 5%g.

Material Properties

We studytheeffect of allowing variationin thematerialpropertieswith depthby comparingthewaveforms

at sitesS1 and S2 from scenariobase,which usesa layeredhalf-space,with thosefrom scenariohomo,

which usesa homogeneoushalf-space.Figure 7.45 gives the north-southandvertical componentsof the

velocity time historiesat the two sites. In both casessite S1 undergoesmuch more severe shakingthan

site S2. In additionto the obvious increasein amplitudeof the velocity with the layeredhalf-space,in the

homogeneoushalf-spacethenorth-southandverticalcomponentsarenearlyequal,while in thelayeredhalf-

spacethe horizontalcomponentsdominatethe motion aswe notedin our discussionof the basecase.The

softermaterialnearthe groundsurfacedoesnot appearto affect the vertical groundmotion; however, we
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Figure7.43:Displacementandvelocity time historiesatsitesS1andS2for scenariobase.
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Figure7.44:Horizontalaccelerationresponsespectraat sitesS1andS2for scenariobase.

know that the particlemotion rotatestowardsthe horizontalas the shearwave refractswhile propagating

throughthesoftermaterial.This causesan increasein thehorizontalmotionwith a correspondingdecrease

in theverticalmotion,soit is purelycoincidentaltheverticalmotionremainsrelatively unchanged.
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Figure7.45: Comparisonof north-southandverticalvelocity time historiesat sitesS1andS2for a layered
half-spaceversusahomogeneoushalf-space.

Ruptur eSpeed

We studythesensitivity of thegroundmotionsto therupturespeedusingscenariovr70with a rupturespeed

of 70% of the local shearwave speed,scenariobasewith a rupturespeedof 80% of the local shearwave

speed,andscenariovr90 with a rupturespeedof 90%of the local shearwave speed.In figure7.46we see

that increasingtherupturespeedleadsto a significantincreasein theamplitudeof thevelocity in thenorth-

southdirectionat both sitesS1 andS2. The vertical componentsshow no correspondingincrease.As we

foundin thestrike-slipfault simulations(section7.1.3),increasingtherupturespeedcausestheshearwaves

from all portionsof the fault to arrive in a shortertime interval which leadsto sharperphasearrivals. As a

result,thewidth of thedoublepulsein velocityat siteS1decreasesastherupturespeedincreases.

If we examinethe maximumhorizontaldisplacementsandvelocitieson the groundsurfacealong the

north-southline runningthroughthe centerof the domaingiven in figure 7.47,we seethat the maximum

displacementsandvelocitiesincreaseaswe incrementtherupturespeedfrom 70%to 90%of thelocal shear

wave speed.The rupturespeeddoesnot affect the shapesof the curves. We againoverlay the near-source

groundmotionfactor, Nv, fromthe1997UBCeventhoughtheCaliforniaDivisionof MinesandGeologydoes

not includeblind thrustfaultson themapsusedto determinethenear-sourcefactor(CaliforniaDepartment

of Conservation,Divisionof MinesandGeology1998).With thefaultdipping23 degreesandburied8.0km

below thegroundsurface,thefault lies within 10km of thesurfacealonga 5.1km sectionof thenorth-south
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Figure7.46:Comparisonof north-southandverticalhorizontalvelocity time historiesat sitesS1andS2for
thethreerupturespeeds.

line. Consequently, we setthe near-sourcefactorto 2.0 over this sectionandthe adjacent2.0km on either

side. The maximumdisplacementsandvelocitiesfall outsideof this region wherewe set the near-source

factorto 2.0. The shallow dip of the fault causesthe shearwave to reachthe surface5.0km from the top

of the fault, which lies 3.0km outsidethe region wherethe near-sourcefactorreachesits maximumvalue.

Additionally, themaximumdisplacementsandvelocitiesdecayrapidly northof their peakvalues,while the

near-sourcefactorremainsconstantfor severalkilometersbeforedecaying.Thus,theshapeof thenear-source

factordoesnot appearto correlatewith thedistributionof theshaking.

Maximum Slip Rate

Scenariosvs10,base,andvs20with maximumslip ratesof 1.0m/sec,1.5m/sec,and2.0m/sec,respectively,

illustratethe limited sensitivity of thegroundmotionsto changesin themaximumslip rate. Themaximum

slip rate influencesthe amplitudeof motion in the north-southdirection at sitesS1 and S2, as shown in

figure 7.48,but not the shapeof the waveforms. Increasingthe slip ratefrom 1.0m/secto 1.5m/sechasa

moresignificantimpactthanincreasingtheslip ratefrom 1.5m/secto 2.0m/sec,whereasin thecaseof the

strike-slipfault,eachincrementin themaximumslip rateyieldsroughlythesamechangesin theamplitudes

of the time histories. The vertical componentremainsrelatively unchangedaswe vary the maximumslip

rate.
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Figure7.47: Maximummagnitudesof thehorizontaldisplacementandvelocity vectorsalonga north-south
line runningover the centerof the fault for the threerupturespeeds.The thick, dashedline indicatesthe
near-sourcegroundmotionfactor, Nv, from the1997Uniform Building Code.
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Figure7.49showsthatthemaximumhorizontaldisplacementsandvelocitiesonthegroundsurfacealong

thenorth-southrunningcenterlinealsodisplayamarkedlygreatersensitivity to increasingthemaximumslip

ratefrom 1.0m/secto 1.5m/secthanto increasingthemaximumslip ratefrom 1.5m/secto 2.0m/sec. The

shapesof thecurvesof themaximumdisplacementsandvelocitiescloselymatchthosein figure7.47for the

threerupturespeedsandcontinueto peakapproximatelythreekilometerssouthof endof the region where

thenear-sourcefactoris 2.0.
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Figure7.49:Maximummagnitudesof thehorizontaldisplacementvectorsandvelocityvectorsalonganorth-
southline running over the centerof the fault for the threemaximumslip rates. The thick, dashedline
indicatesthenear-sourcegroundmotionfactor, Nv, from the1997Uniform Building Code.

HypocenterLocation

We examinethe variability of the groundmotionswith changesin the location of the hypocenterusing

scenariobase(wherehypocenterHA sitsat thecenterof thebottomedgeof thefault),scenariohybc(where

hypocenterHB sitsat thenortheastcornerof the fault), scenariohyme(wherehypocenterHC sitsnearthe

middle of the eastedgeof the fault), andscenariohymc (wherehypocenterHD sits nearthe fault center).

Figure7.34givestheprecisehypocenterlocations.Figure7.50shows themaximumhorizontalandvertical

velocitieson the groundwhenwe placethe hypocenterat the middle edge(hypocenterHC) for scenario

hyme. By comparingthe maximumvelocitiesfrom scenariobase(figure 7.42) with thosefrom scenario

hyme(figure7.50),we seethatmoving thehypocenterlocationfrom thebottomcenter(hypocenterHA) to

themiddleedge(hypocenterHC) causesa dramaticshift in thespatialvariationof themaximumvelocities.

Thepeakvelocityremainsnearthetopof thefault,but thevelocitiesabovethewestedgeof thefault increase
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relative to the rest of the domain. Additionally, the peakhorizontalvelocity decreasesfrom 1.2m/secto

0.55m/sec.

Figure7.50:Maximummagnitudesof thehorizontalandverticalvelocityvectorsateachpointontheground
surfacefor scenariohyme.Thewhite line indicatestheprojectionof thefault planeontothegroundsurface,
andtheyellow circle identifiestheepicenter.

SiteS1liesalongadifferentazimuthfor eachhypocenterlocation,while siteS2liesalongthreedifferent

azimuthsfor thefour hypocenterlocations.As wemightexpectfrom ourobservationsof thegroundmotions

from thestrike-slipfault,at bothsitesS1andS2thedisplacementtime historiesfor thedifferenthypocenter

locationsgiven in figure 7.51differ considerablywhenthe siteslie alongsubstantiallydifferentazimuths,

but matchreasonablywell whenthesiteslie alongsimilarazimuths.In general,thedisplacementamplitudes

increaseaswe increasethedistancethefault rupturestowardthesiteandplacethesitecloserto anazimuth

of zerodegrees. For example,at site S1 moving the hypocenterfrom the middle center(hypocenterHD)

to the bottom center(hypocenterHA) increasesthe distancethe rupturepropagatestowardsthe site and

placessiteS1closerto anazimuthof zerodegrees.As a result,thepeaknorth-southdisplacementincreases

by 86% (from 0.36m to 0.67m). Similarly, shifting the hypocenterfrom the bottom corner(hypocenter

HB) to the bottomcenter(hypocenterHA) increasesthe distancethe rupturepropagatestowardsthe site,

andthe peaknorth-southdisplacementincreasesby 76% (from 0.38m to 0.67m). At site S2 we find that

placingthehypocenterateitherlocationat thebottomof thefault or ateitherlocationatmid-depthresultsin

displacementtimehistorieswith similar shapes.As weexpectfrom usingthesamefinal slip distribution,the

final displacementsremainthesameaswe changethelocationof thehypocenter.

Weagainturnourattentionto themaximumhorizontaldisplacementsandvelocitiesalongthenorth-south

line runningoverthecenterof thefault. Weseeonly aminorshift in theshapeof themaximumdisplacements

in figure 7.52aswe move the hypocenter. The shapeof the maximumvelocitiesexhibits a moredramatic

shift with fluctuationsin the hypocenterlocation. The curve of the maximumvelocitiesfor scenariohymc

containstwo peaks,while the curvesfor theotherscenarioscontainonly one. For scenariohymethepeak
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Figure7.51: Comparisonof north-southandvertical displacementtime historiesat sitesS1andS2 for the
four hypocenterlocations.

of thecurve of maximumvelocitiesfalls nearthemiddleof the region wherethenear-sourcefactoris at its

maximumvalue,whereasfor the otherscenariosthe peakof the curve falls nearthe southernedgeof the

regionwherethenear-sourcefactoris at its maximumvalue.

Slip Distrib ution

The simulationsusea homogeneousslip distribution in scenariobase,a weakly heterogeneousslip distri-

bution with a bias towardsslip on the upperhalf of the fault planein scenariosliptop, anda weakly het-

erogeneousslip distribution with a biastowardsslip on the lower half of the fault planein scenarioslipbot.

Figure7.53 shows that the maximumvelocitieson the groundsurfacebecomemoresymmetricaboutthe

north-southcenterlinewhenwe usethe slip distribution with a bias towardsslip at the surface. This slip

distribution containsa largeasperitynearthesouthwestcornerof thefault andincreasesthevelocitiesat the

surroundinglocations. Hence,while the slip directiontendsto increasethe velocitiesabove the southeast

cornerof the fault, the large asperitynearthe southwestcornerof the fault tendsto increasethe velocities

above the southwestcornerof the fault. Consequently, the spatialvariationof the maximumvelocitiesbe-

comesmoresymmetricandcontainsonepeakapproximatelyfive kilometerssouthof eachcornerat thetop

of thefault.

Upon examiningthe displacementtime history at site S1 in figure 7.54,we seesmall variationsin the
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Figure7.52:Maximummagnitudesof thehorizontaldisplacementvectorsandvelocityvectorsalonganorth-
south line running over the centerof the fault for the four hypocenterlocations. The thick, dashedline
indicatesthenear-sourcegroundmotionfactor, Nv, from the1997Uniform Building Code.

Figure7.53:Maximummagnitudesof thehorizontalandverticalvelocityvectorsateachpointontheground
surfacefor scenariosliptop.Thewhite line indicatestheprojectionof thefaultplaneontothegroundsurface,
andtheyellow circle identifiestheepicenter.

amplitudeof the displacementpulseassociatedwith the shearwave arrival, but the remainderof the dis-

placementtime historyappearsunaffectedby theweakheterogeneityin theslip distributions.At siteS2the

groundmotiondisplaysnonoticeablevariationuntil nearlytenseconds,afterwhich thegroundmotionin the

north-southdirectionremainsnoticeablydifferentfor the remainderof the record. In otherwords,the sur-

facewavesradiatingtowardsthenorthappearmoresensitive to thespatialdistribution of slip thantheshear
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waves. As we move the biasin slip from the lower half towardsthe upperhalf (consideringhomogeneous

slip to have a biasin thecenter),theamplitudesof thesurfacewavesincreasebecauseslip neartheground

surfaceexcitesthesurfacewavesmoreefficiently.
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Figure7.54: Comparisonof north-southandvertical displacementtime historiesat sitesS1andS2 for the
threeslip distributions.

The maximumhorizontaldisplacementsand velocitiesalong the north-southcenterlinegiven in fig-

ure 7.55 display only minor variationswhenwe addheterogeneityto the slip distributions. We find two

distinct trendsin the curve of the maximumdisplacements;theseincludea shift in the peakof the curve

towardsthenorthwhenwe usetheslip distribution with a biastowardsslip at depth,andan increasein the

maximumdisplacementsabovethenorthendof thefaultwhenweusetheslip distributionwith abiastowards

slip nearthesurface.As we notedin our discussionof thewaveformsat sitesS1andS2,theincreasein the

displacementamplitudestowardsthenorthis associatedwith largeramplitudesurfacewavesthatareexcited

moreefficiently by theincreasein slip at shallowerdepths.

The only noticeabletrend in the curve of the maximumvelocitiesis the slight variation in the peak

maximumvelocity. This variability arisesfrom shifts in thelocationsof theslip asperities.With only minor

variationsin theshapesof thecurvesof themaximumhorizontaldisplacementsandvelocities,it is nosurprise

that the shapeof the curve for the UBC near-sourcefactor againfails to capturethe shapeof either the

maximumdisplacementsor themaximumvelocities.
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Figure7.55:Maximummagnitudesof thehorizontaldisplacementvectorsandvelocityvectorsalonganorth-
southline runningover thecenterof thefault for thethreeslip distributions.Thethick, dashedline indicates
thenear-sourcegroundmotionfactor, Nv, from the1997Uniform Building Code.

AverageSlip

Increasingtheaverageslip from 1.0m in scenariobaseto 2.0m in scenarioslip2 causesa dramaticincrease

in the displacementamplitudes,but only a small increasein the velocity amplitudes.This doublingof the

averageslip changesthe momentmagnitudefrom 6.8 to 7.0. In figure7.56we find at sitesS1andS2that

varyingtheaverageslip affectsboththenorth-southandverticaldisplacementcomponents.We observethat

thefinal displacementsdoubleasdo theamplitudeof thedisplacementpulseatsiteS1andtheamplitudesof

thesurfacewavesat siteS2.Maintainingthesamemaximumslip rateof 1.5m/seccausesthepeakslip rates

to occurlaterin theslip time historyandleadsto a slight delayin thepeakamplitudesfor anaverageslip of

3.0m comparedto anaverageslip of 2.0m.

Themaximumhorizontaldisplacementsandvelocitieson thenorth-southcenterlinein figure7.57reflect

therelatively largerimpactthatchangingtheaverageslip hasonthedisplacementscomparedto thevelocities.

Themaximumdisplacementsexhibit a nearlyuniform increaseby a factorof two consistentwith our obser-

vationsat sitesS1andS2. Themaximumvelocities,on theotherhand,show only a minor increasetowards

thesouthwith little variationnearthepeakvalues.Thepeaksof themaximumdisplacementsandmaximum

velocitiesremainapproximatelythreekilometersto the southof the region wherewe set the near-source

factorto avalueof 2.0.
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Figure7.56: Comparisonof north-southandvertical displacementtime historiesat sitesS1andS2 for the
two valuesof averageslip.
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Figure7.57:Maximummagnitudesof thehorizontaldisplacementvectorsandvelocityvectorsalonganorth-
southline runningover the centerof the fault for the two valuesof averageslip. The thick, dashedline
indicatesthenear-sourcegroundmotionfactor, Nv, from the1997Uniform Building Code.
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Figure7.58:Maximummagnitudesof thehorizontalandverticalvelocityvectorsateachpointontheground
surfacefor scenariofault4km. The white line indicatesthe projectionof the fault planeonto the ground
surface,andtheyellow circle identifiestheepicenter.

Fault Depth

We studytheeffect thatchangingthedepthof thefault hason thegroundmotionsusingscenariobasewhere

thetopof faultsitsatadepthof 8.0km, scenariofault4kmwherethetopof thefaultsitsatadepthof 4.0km,

andfault0kmwherethe top of the fault sitsat thegroundsurface. As we raisethe top of the fault, theslip

occursin softermaterialwhichreducesthemomentmagnitudefrom 6.8(8.0km depth)to 6.7(4.0km depth)

and6.6 (0.0km depth). While the momentmagnitudedecreases,the groundmotionsbecomemuchmore

severe,particularlydirectly above the top of the fault. Figure7.58 illustratesthe increasein the maximum

velocitiesabove the top of the fault andthe shift in thepeakvaluesin thehorizontaldirectionfrom 5.0km

southof the top of the fault to directly above the top of the fault. The peakmaximumhorizontalvelocity

increasesby 50%, andthe areasubjectedto maximumvelocitiesexceeding1.1m/secjumpsfrom roughly

20 squarekilometersto morethan200squarekilometers.

As evident in figure7.59,raisingthetop of thefault from 8.0km to 4.0km causesa substantialincrease

in theamplitudeof thedisplacementpulseatsiteS1.Raisingthetopof thefaultanadditional4.0km, sothat

thetopof thefault reachesthegroundsurface,leadsto avelocitypulseof aboutthesamesize,but with three

peaks;this impliesthesinglepulsein displacementbecomesadoublepulse,or in otherwords,thereboundin

displacementovershootsthefinal value.Additionally, raisingthetopof thefault to thesurfacecausesadelay

in thearrival of theshearwave at siteS1,becausetheruptureis completelycontainedin thesoftermaterial

nearthesurface;to reachsiteS1theshearwavesmusttraverseamorehorizontalpathwith agreaterdistance

throughthesoftermaterialwheretheshearwave speedis slower. In contrastto siteS1,aswe raisethefault,

theshearwavescontinueanearverticalpropagationpathto siteS2,andthereductionin propagationdistance

neededto reachthesiteleadsto earlierarrivalsof theshearwaves.Furthermore,theincreasedmotionof the

hangingwall contributesto amorepulselike motionin thehorizontaldirectionat siteS2.Themotionin the
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verticaldirectionis lesssensitive to thechangesin thedepthof thefault.
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Figure7.59: Comparisonof north-southandverticalvelocity time historiesat sitesS1andS2 for the three
depthsof thetopof thefault.

Figure7.60displaysthemaximumhorizontaldisplacementsandvelocitiesalongthenorth-southcenter-

line. As we previously noted,for the basecasewith a fault depthof 8.0km, the curve for the maximum

displacementsandthe curve for the maximumvelocitiespeak5.0km southof the top of the fault. When

the top of the fault sits 4.0km below the surface,the maximumdisplacementsandvelocitiescontaintwo

peaks.Thefirst peakis associatedwith the maximumamplitudeof the shearwave, while the secondpeak

is associatedwith themaximumamplitudeof thesurfacewaves.Note that thesecondpeakfalls in a region

wherethe near-sourcefactorhasdecayedto nearits minimum value. Whenthe top of the fault lies at the

groundsurface,themaximumdisplacementsdirectlyabovethefaultexhibit agreaterincreasethanthoseup-

dip from thefault,andthepeakdisplacementsfall nearthecenterof theregion wherethenear-sourcefactor

is a maximum.Thecurveof themaximumvelocitiesbecomescomplicateddueto shearwavesreflectingoff

thesurfaceandinteractingconstructively anddestructively with shearwavesgeneratedat otherlocationson

the fault. Thus,we find theshapeof thecurve for thenear-sourcefactorbetterfits thegeneralshapeof the

curve of the maximumvelocitieswhenthe fault lies closeto the surface. This comesasno surprisesince

the CaliforniaDivision of MinesandGeologyincludesonly strike-slip faultsandthrustfaultswith surface

rupturein themapsusedto determinethenear-sourcefactor.
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Figure7.60:Maximummagnitudesof thehorizontaldisplacementvectorsandvelocityvectorsalonganorth-
southline runningover thecenterof the fault for the threedepthsof thetop of the fault. The thick, dashed
linesindicatethenear-sourcegroundmotionfactor, Nv, from the1997Uniform Building Codefor threefault
depths.
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7.3 Discussion

7.3.1 Ground Motion Characteristics

The earthquake simulationson the strike-slip fault shareseveral distinct characteristics.Whenslip occurs

in the softermaterialin the top six kilometersof the domain,the ruptureslows considerablyin this region

causingthe curvatureof the rupturefront to progressively increase.As a result, the reinforcementof the

shearwave by therupturestabilizesandthepeakvelocitiesbecomeuniform alongthestrike of thefault for

asignificantportionof thefault length.Dueto positivereinforcementby therupture,thepeakdisplacements

tendto increasealongthe strike of the fault away from the epicenteruntil the endof the fault wherethey

decayrapidly with distance.A typical groundmotioncontainsa largeamplitudeshearwave followedby a

trainof surfacewaveswith nearlythesameamplitude.Themostseveregroundmotionoccursin thedirection

normalto thefault.

We alsofind several commonfeaturesfor the simulationswherethe top of the thrust fault lies 8.0km

below thegroundsurface.Theshallow dip of thefault to thenorthcausesthemaximumdisplacementsand

velocitiesto occurapproximatelyfive kilometerssouthof thetop of thefault. Therakeangleof 105degrees

directsthelargestdisplacementsandvelocitiestowardsthesoutheast.A large,singlepulsein displacement

anda correspondinglarge,doublepulsein velocity characterizethegroundmotionstowardsthesouth(the

forwarddirection).Thegroundmotionstowardsthenorth(thebackwarddirection)aremuchlesssevere.As

weraisethetopof thefault towardsthegroundsurface,themotionabovethefaultbecomesmoresevere,and

a pulse-likeshearwavearrival appearsin thedisplacementsabovethenorthendof thefault.

7.3.2 Sensitivity of Ground Motions to Variations in Parameters

Basedon the strike-slip andthrustfault simulationswe assessthe sensitivity of the groundmotionsto our

systematicvariationof thesimulationparameters.

Material Properties

Thegroundmotionsexhibit astrongsensitivity to verticalvariationof thematerialproperties(homogeneous

half-spaceversuslayeredhalf-space).Softeningthematerialnearthesurfaceleadsto a substantialincrease

in thedisplacementandvelocityamplitudes.In thestrike-slipsimulationswhenweplacethetopof thefault

at the groundsurface,we observe large amplitudeLove andRayleighwavesin the layeredhalf-space,but

not in thehomogeneoushalf-space.In thethrustfaultsimulationswhenwebury thefaultbeneaththeground

surface,thehorizontalcomponentdominatesthemotion in the layeredhalf-space,while thehorizontaland

verticalcomponentsaremuchsmallerandroughlythesamein thehomogeneoushalf-space.
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Ruptur eSpeed

Increasingthe rupturespeedcompressesthe time historiesin duration,and we observe a corresponding

narrowing of the groundmotion pulses. Additionally, the reinforcementof the shearwave by the rupture

becomesmoreefficient asthe rupturespeedincreases,becausetherupturefollows morecloselybehindthe

shearwave. This leadsto largeramplitudesin boththedisplacementandvelocity timehistoriesin thestrike-

slip andthrustsimulationsaswe increasetherupturespeedfrom 70%to 90%of thelocal shearwavespeed.

However, in thethrustfaultsimulationsthis increaseis predominantlyconfinedto thehorizontalcomponents.

Thegroundmotionsappearmoderatelysensitive to variationsin therupturespeed.

Maximum Slip Rate

Thegroundmotionsdisplayslightly lesssensitivity to thechangesin themaximumslip ratethanthey do to

thechangesin therupturespeed.Increasingthemaximumslip ratenarrowstherupturefront whichpositions

thecenterof therupturefront closerbehindtheshearwave. As aresult,theefficiency of thereinforcementof

theshearwave improves,asit doeswhenwe increasetherupturespeed,andwe observesimilar increasesin

theamplitudesof thegroundmotions.However, on bothfaultsthephasearrivalsremainrelativeunchanged.

Hence,themaximumslip rateinfluencestheamplitudeof themotionbut not theshapesof thewaveforms.

HypocenterLocation

At agivensitethesensitivity of thegroundmotionsto thelocationof thehypocenterdependson therelative

changesin azimuth. In the strike-slipsimulationsthe azimuthof the sitesin the forwarddirectionremains

nearlyconstantandwe observevery smallvariationsin themotionswhenwe movethehypocenterlocation.

On both faultswhentheazimuthchangessignificantlyaswe move thehypocenter, we find largevariations

in thegroundmotions.In somecasesthesitemaymove off of or ontoa nodalline, andthegroundmotions

increaseor decreaseby very largeamounts.

Slip Distrib ution

The groundmotionsexhibit little sensitivity to the additionof weakheterogeneityinto the distribution of

final slip, particularlyin theforwarddirection.However, weexpectthehigh frequency portionof theground

motions,which we do not includein thesimulations,to exhibit a greatersensitivity to heterogeneityin the

final slip. In the thrust fault simulationsthe dip locationof the heterogeneityaffects the amplitudeof the

surfacewavesatsitestowardsthenorth(backwarddirection).In thestrike-slipsimulationsweuseastrongly

heterogeneousslip distribution which doesreducethe displacementamplitudesfor a considerableportion

of the time histories.As in the thrustfault simulationswith weakheterogeneity, thegroundmotionsin the

backward directionshow a greatersensitivity to the strongheterogeneityin the final slip. In the forward



100

directionwe do observe someminor changesin the waveforms,but the peakdisplacementsandvelocities

remainrelatively unchanged.

Graves (1998) also found near-sourcegroundmotionsrelatively insensitive to weakly heterogeneous

slip distributions;however, he found large reductionsin the peakvelocitieswith a stronglyheterogeneous

distribution of slip. In contrastto our simulations,he lengthenedtheslip durationon theshallow portionof

thefaultbasedonthekinematicsourcemodelof the1992Landersearthquakefrom WaldandHeaton(1994).

This significantlydisruptstheefficiency of the reinforcementof theshearwave by theruptureandleadsto

a decreasein the amplitudeof the motion. As we notedin our discussionof our choiceof the slip rates

andrupturespeedsin section7.1,considerableuncertaintystill existsregardingthedurationof slip for very

shallow rupture,andlengtheningof thedurationof slip nearthesurfacemayor maynot berealistic.

AverageSlip

Becausethe displacementsolutionis linear in slip, whenwe increasethe averageslip on the fault, thedis-

placementamplitudesincreaseaboutthesamerelative amountasthe increasein averageslip. Maintaining

the samerupturespeedandmaximumslip ratepreventsa similar increasein the velocities;the amplitudes

of the velocity time historiesshow only a minor increase.Additionally, by keepingthe maximumslip rate

thesame,thelargerslip leadsto a longerrisetime. Consequently, we observea slight delayin thepeakdis-

placementandvelocity amplitudesaswe increasetheaverageslip. Thus,thedisplacementsexhibit a strong

sensitivity to differentvaluesof averageslip, while thevelocitiesexhibit a weaksensitivity.

Fault Depth

In our simulationsthegroundmotionsaremostseverewhentheslip occursnearthesurface.With shallow

slip we observe largeamplitudesurfacewaveswith severalcyclesof deformation.We oftendo not observe

thesefeaturesin therealearth,becausedissipationandlateralheterogeneityin thematerialpropertiestendto

disruptthegenerationof surfacewaves. Raisingthetop of the thrustfault causesan increasein themotion

directlyabovethefaultandshiftsthelargestmotionfrom southof thetopof thefault to directlyabovethetop

of thefault. On boththestrike-slipfault andthethrustfault, thegroundmotionsdisplaya strongsensitivity

to thedepthof thefault.

7.3.3 Implications for Earthquake Engineering

Thissensitivity studyshowsthatin orderto accuratelymodelgroundmotion,in particulargroundmotionfor

engineeringdesign,wemustcarefullyselectthevaluesfor thoseparametersthatcausethemostvariability in

theresultinggroundmotion. Thus,for a givensitewe mustknow thematerialpropertiesof thesurrounding

region and the location and geometryof all nearbyfaults. To simulatethe most severe casesof ground

motion,thehypocentershouldbeplacedsuchthat therupturepropagatesasfar aspossibletowardsthesite
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understudy, andthatthesiteliescloseto anazimuthof zero.Additionally, wemustselectreasonablevalues

of rupturespeed,maximumslip rate,andaverageslip; if theamplitudesof the displacementtime histories

areparticularlyimportant,we needto payspecialattentionto theaverageslip. As long asthesitesits in the

forwarddirection,the spatialdistribution of slip on the fault haslittle influenceon the long-periodground

motions,soweneednot modelit with asgreatof care.

We considerthedistribution of thegroundmotionson the groundsurfacefor thebasecasesin the sen-

sitivity study (scenariobaseIIfor the strike-slip fault andscenariobasefor the thrust fault). Figure 7.61

displaystheareaon thegroundsurfacewherethemaximumhorizontaldisplacementsandvelocitiesexceed

a givenvalue.Theareaswherethemaximumvaluesexceed0m and0m/seccorrespondto thetotal areasof

thegroundsurfacesin thetwo domains.Theentiregroundsurfacesin thedomainsexperienceat leastsmall

displacementsandvelocities,so the curvesarerelative flat for small levels of shaking. The shapesof the

curvescorrespondingto the maximumhorizontaldisplacementsfor the strike-slip andthrust faultsclosely

agree,asdo theshapesof thecurvescorrespondingto themaximumhorizontalvelocitiesfor the two types

of faults.Theareasubjectedto agivenmaximumdisplacementor velocitydecreasesrapidlyasweapproach

thepeakmaximumdisplacementsandvelocities.This is associatedwith therapidincreasein themaximum

displacementsandvelocitiesaswe approachthefault.
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Figure7.61: Areason the groundsurfacein the strike-slip and thrust fault domainswherethe maximum
horizontaldisplacementsandvelocitiesexceeda givenvalue.

Nearthemiddleof thecurvestheareasubjectedto a givenlevel of groundmotionincreasesvery rapidly

for small changesin the level of groundmotion. This meansthat if a region containsmany structuresthat

experiencedamagefor thesemoderatelevels of groundmotion (relative to the severegroundmotion near

the fault), thenonly minor improvementsin the structuralcapacitymay drasticallyreducethe areaof the

region wheredamageoccurs.Alternatively, smalldegradationsin thestructuralcapacityof thesestructures

leadto a substantialincreasein the areawheredamageoccurs.We illustratethe formerof thesetwo cases
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with anexample.If a giventypeof structuregenerallysuffersseveredamagewhenthemaximumhorizontal

velocity exceeds0.40m/sec, thenthestrike-slipearthquake in scenariobasewould causeseveredamagein

thesestructuresoveranareaof 2400squarekilometers.If we retrofit thesestructuressothatsimilar damage

occursat 0.60m/secinsteadof 0.40m/sec,thenthesameearthquakewould causethesamelevel of damage

overanareaof only 1600squarekilometers.This is a33%reductionin theareawhereseveredamageoccurs.

The samestrategy appliedat highervelocitiesgeneratessimilar percentagereductions,but the sizesof the

areasaremuchsmaller.

Thedifferencein theaverageslip betweenthebasecasefor strike-slipfault (2.0m) andthebasecasefor

thethrustfault (1.0m) createstheshift in theareassubjectedto maximumdisplacementsexceedinga given

value.We cannotattributethedifferencein theareasfor themaximumvelocitiesto thedifferencein average

slip betweenthebasecasesfor thestrike-slipfault andthrustfault, becausein thesensitivity studieswe find

the maximumvelocitiesrelatively insensitive to the averageslip. Instead,we attribute the increasein the

areasubjectedto agivenmaximumvelocity to thedifferencesin thefault geometries.For thethrustfault the

shallow dip angleof 23degreesandthe28km fault lengthleadsto thevelocitypulsesweepingacrossa large

area,but the18km fault width limits thedistanceover which therupturereinforcestheshearwave. For the

strike-slipfault theverticaldip of thefault tendsto confinethevelocitiespulsesto theregioncloseto thefault

(small area),but the 60km fault lengthallows the ruptureto reinforcethe shearwave over a muchgreater

distancecomparedto thethrustfault. Thelongerfault lengthof thestrike-slipfaulthasa greaterimpactthan

theshallow dip angleof thethrustfault, sothat theareaon thegroundsurfacesubjectedto a givenvelocity

level is largerfor thestrike-slipfault thanfor thethrustfault.

Thesimulationsalsorevealsomeinformationregardinggroundmotionsandmomentmagnitude.As we

might expect and the simulationsconfirm, we find variability in the groundmotionsfor a given moment

magnitudefor differentsitesandscenarioswith differentrupturespeeds,slip rates,andhypocenterlocations.

However, we generallyexpecttheseverity of thegroundmotionto increasewith themomentmagnitude.

For thestrike-slipfaultandthethrustfault, table7.8givesthemaximumdisplacementsandvelocitiesfor

thebasecaseandthosescenarioswith differentmomentmagnitudes.We seethatincreasingtheaverageslip

increasesthemomentmagnitude,andit is accompaniedby theexpectedincreasein maximumdisplacement

with little changein themaximumvelocity. We alsoseethatraisingor loweringthedepthof thefault causes

anequalor greaterchangein momentmagnitudeaccompaniedby largervariationsin maximumdisplacement

andvelocity, but themotionsaremoresevereasthemomentmagnitudedecreases.Themomentmagnitude

dependson the shearmoduluswhich is smallerin the softermaterialnearthe surface,so that the moment

magnitudedecreasesasweraisethefaultcloserto thegroundsurface.Thus,themomentmagnitudeprovides

a poor measureof the severity of the groundmotion with variationsin the depthof the fault. The seismic

potency, which is definedastheproductof theaverageslip andfault area,providesa slightly bettermeasure

of theseverity of shakingby removing thedependenceon theshearmodulus.

For eachgroupof simulationsin the sensitivities studieswith the strike-slip fault andthe thrust fault,
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Fault Type Scenario Moment Seismic Average Maximum Maximum
Magnitude Potency Slip Horizontal Horizontal

Displacement Velocity
(m3) (m) (m) (m/sec)

Strike-Slip baseII 7.0 1
:
8 v 109 2.0 2.2 2.9

slip3 7.1 2
:
7 v 109 3.0 2.5 2.8

fault4km 7.1 1
:
8 v 109 2.0 1.2 1.7

fault8km 7.1 1
:
8 v 109 2.0 0.95 1.0

Thrust base 6.8 5
:
0 v 108 1.0 1.1 1.2

slip2 7.0 1
:
0 v 109 2.0 1.8 1.4

fault4km 6.7 5
:
0 v 108 1.0 1.6 1.8

fault0km 6.6 5
:
0 v 108 1.0 1.3 1.5

Table7.8: Variationsin thepeakmaximumdisplacementsandvelocitieswith momentmagnitude.

we comparedtheshapesof thecurvesof themaximumdisplacementsandmaximumvelocitiesalonga line

runningnormalto thestrikeof thefaultwith theshapeof thecurveof theUniform Building Codenear-source

factor, Nv. If we assumethat themaximumdisplacementsandvelocitiescorrelatewith theseismicdemand

imposedonabuilding, thenwewanttheshapeof thenear-sourcefactorcurveto matchthegeneralshapesof

themaximumdisplacementsandthemaximumvelocities;we do not correlatethemaximumdisplacements

or velocitieswith specificvaluesof thenear-sourcefactor. For thestrike-slipfaultwefind thatthenear-source

factoraccuratelycapturesthelocationof thepeakmotionandthedecaywith distancefrom thefault.

Weapplytheformulafor thenear-sourcefactorfrom the1997Uniform Building Codeto all threedepths

of thethrustfault. TheCaliforniaDivision of MinesandGeology, on theotherhand,doesnot includeblind

thrustfaultson the mapsusedto determinethe near-sourcefactor(CaliforniaDepartmentof Conservation,

Division of MinesandGeology1998). For thethrustfault thenear-sourcefactorreachesa maximumvalue

wherethefault lies within 10km of thesurfaceand2.0km on eitherside. Whenwe placethefault closeto

thegroundsurface,this region doesreceive themoreseveregroundmotion. However, thepeakmotionfalls

outsidethis regionwhenwe bury thefault 8.0km below thegroundsurface.Thenear-sourcefactorremains

at a maximumvaluefor only 2.0km on the up-dip sideof the fault regardlessof the depthof the fault. In

orderfor theshapeof thenear-sourcefactorto morecloselyfollow theshapesof themaximumdisplacements

andvelocitiesfor buriedthrustfaults,it mustbeeithershiftedtowardstheup-dipsideof thefaultor extended

in thatdirection.

We now considera modificationin the formulationof the near-sourcefactorcurve to accountfor blind

thrustfaults.We adopttheconservativeapproachof increasingthenear-sourcefactorin theup-dipdirection

ratherthanshifting theentirecurve. Insteadof usingthetopof thefaultasthereferencepoint in determining

thedistancefrom thefault in theregionup-dipfrom thefault,weusetheup-dipprojectionof thefaultplaneto

determinethedistancefrom thefault. Consequently, themodifiednear-sourcefactorremainsat its maximum

valueovertheregionwheretheextensionof thefaultplanelieswithin 10km of thegroundsurfaceand2.0km
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oneithersideasillustratedin figure7.62.Ourmodificationincludesvariationsin boththelocationof thetop

of thefault andtheangleof dip of thefault plane;however, we cantestonly theapplicationto variousfault

depths,becausewedonotvary thedip anglein thesimulations.We reproducefigure7.60in figure7.63with

themodifiednear-sourcefactor. For all threedepthsof thefault,thepeakmaximumhorizontaldisplacements

andvelocitiesgenerallylie in the centerof the region wherewe set the modifiednear-sourcefactor to its

maximumvalue. Theconservative natureof themodificationis apparentby thenarrow peaksin thecurves

of themaximumdisplacementsandvelocitiescomparedto thepeaksin themodifiednear-sourcefactor. This

alterationof the near-sourcefactor remainsconsistentwith 1997 UBC near-sourcefactor as it appliesto

strike-slip faultsandthrust faultswith surfacerupture. Thus,the shapeof the modifiednear-sourcefactor

providesa muchbetterfit to thepatternof strongshakingthanthenear-sourcefactor, Nv, in the1997UBC.

2.0

1.0
1.2

1.6
Modified Nv

10 km

2.0 km2.0 km

2.0 km

1997 UBC Nv

Figure7.62: Modified versionof the 1997UBC near-source.The upperportion shows the modifiednear-
sourcefactorandthe1997UBC near-sourcefactor, Nv. Thelowerportionof thefigureshows thelocationof
thefault planeandtheup-dipprojection.

7.3.4 Geophysical Implications

As discussedin theprecedingsection,themomentmagnitudeoften,but notalways,correlateswith thesever-

ity of thegroundmotion.HanksandKanamoridefinedthemomentmagnitudesothatit is proportionalto the

radiatedenergy andit is compatiblewith the empiricalenergy-magnituderelationdevelopedby Gutenberg

andRichter(Heatonetal.1986).Figure7.64displaystheradiatedenergy asafunctionof momentmagnitude

for all of thestrike-slipandthrustfault simulationsalongwith theenergy-magnituderelationof Gutenberg

andRichtergivenby equation(7.1)(Lay andWallace1995).TheGutenberg-Richterenergy-magnituderela-

tion givestheradiatedenergy in ergsin termsof thesurfacewave magnitude,Ms. Usingtheexpressionsfor

thesurfacewavemagnitudeandmomentmagnitudeasa functionof theseismicmoment,we manipulatethe

energy-magnituderelationto give theradiatedenergy in termsof themomentmagnitude.

logE / 11
:
75 . 1

:
5MW (7.1)
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Figure7.63:Maximummagnitudesof thehorizontaldisplacementvectorsandvelocityvectorsalonganorth-
southline runningover thecenterof the fault for the threedepthsof thetop of the fault. The thick, dashed
linesindicatethemodifiednear-sourcegroundmotionfactorfor thethreefault depths.

We computethe radiatedenergy during the simulationbeforelow-passfiltering the velocities. Hence,the

radiatedenergy reflectstheenergy emittedat all wavelengthsfrom theprescribedrupture,althoughwe con-

structtheruptureto generatepredominantlylong-periodmotionasdiscussedin section5.2.

We seethat the radiatedenergies from the simulationsagreewith the Gutenberg-Richterrelationship.

Therelativescatterfor eachof thefaultsdependson whetherweplot theradiatedenergy usinga linearscale

or a log scale. As the rupturespeedapproachesintrinsic wave speeds,directivity effectscausedisplace-

mentpulseswith shortdurationsandlargeamplitudes.Consequently, changingthe durationof slip via the

maximumslip rateor changingthe rupturespeedcauseschangesin the particlevelocities. Thesechanges

causefluctuationsin the radiatedenergy andlead to the scatterin the radiatedenergy at a given moment

magnitude.Becauseour simulationsincludeonly the long-periodgroundmotions,we expect the radiated

energiesfrom thesimulationsto besmallerthanthosepredictedby theGutenberg-Richterrelationship.The

radiatedenergiesfor thethrustfaultsimulationsdisplaythis trend,but theradiatedenergiesfor thestrike-slip

fault tend to be larger than thosepredictedby the Gutenberg-Richterrelationship. However, the radiated

energiesfrom the strike-slip simulationsprobablylie well within the scatterof the eventsusedto generate

theGutenberg-Richterrelationship.Becauselargerearthquakestendto radiateenergy at longerperiods,we

doexpectrelatively largerradiatedenergiesfrom thestrike-slipfaultsimulations,whichhave largermoment

magnitudes,thanthe thrust fault simulations. Relative to the Gutenberg-Richterrelationship,our radiated

energiesdo displaythis trend.
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Figure7.64: Radiatedenergy asa functionof momentmagnitudefor all of the strike-slipandthrustearth-
quake simulations.Theplot on the left usesa linearscalefor the radiatedenergy, andthe plot on the right
usesa log scalefor theradiatedenergy.

Whenweuseprescribedruptures,weignorethedynamicsof theruptureprocessandsettherupturespeed

independentof themaximumslip rate.This meansthatwe maychoosea rupturespeedthat is incompatible

with ourchoiceof slip rate.Moreover, while theslip timehistorymaymeetourspectralcontentneedsrelated

to the discretizationsize,theshapemaynot conformto thosefound in nature.This is not a problemwhen

we wantto simulaterecenteventswheretheseparametersarewell known. However, for hypotheticalevents

it is difficult to selectphysicallyrealisticparameterswithoutanunderstandingof thedynamicsof therupture

process.
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Chapter 8 Dynamic Failur e

Weincorporatethefrictional slidingon thefaultsurfaceinto theearthquakesourcewith thegoalsof creating

morephysicallyrealisticrupturesandbetterunderstandingthephysicsof theruptureprocess.Wespecifythe

friction modelandtheinitial tractionson thefault,andthedynamicbehavior of therupturecontrolstheslip

on thefault asa functionof time.

8.1 Earthquake Source

We needto makeonly a few, simplemodificationsto themodelof theearthquakesourceto addtheability to

simulatetheearthquakesusingdynamicfailure. Insteadof specifyingthedisplacementsat theslip degrees

of freedom,we usethefriction modelto specifythe forcesactingon theslip degreesof freedom.We must

alsoincludethestressesfrom thesurroundingregion thatacton thefault,which wecall thetectonicstresses

becauseasignificantportioncomesfrom platetectonics.

Weassumethatthecoefficientof friction is afunctionof slip distanceandslip rate,andpossibly, anumber

of statevariables.We usetheusualdefinitionof slip rate,i.e., themagnitudeof slip velocity. Whensliding

occursonaplane,thedefinitionof slip distancedependson thelengthscaleof thesurfaceasperities(surface

roughness)thatcreatethefriction. If theasperitiesarelargecomparedto thedistanceoverwhichslip occurs,

thenanappropriatedefinitionof slip distanceis themagnitudeof thedistanceapoint slidesfrom its original

position.Thisdefinitionallows theslip distanceto remainconstantif slidingoccursalongthecircumference

of any circlecenteredatthepointwhereslidingbegins.Ontheotherhand,if theasperitiesaresmallcompared

to thedistanceoverwhichslidingoccurs,thentheslip distanceshouldincreaseindependentlyof theslip path,

andanappropriatedefinitionof slip distanceis the total distanceover which sliding hasoccurred.We will

assumethat the asperitiesaresmall comparedto the slip distanceandusethe total sliding distanceasthe

slip distance.Regardlessof how we chooseto definethe slip distance,the friction forcealwaysactsin the

oppositedirectionof thesliding.

8.1.1 Governing Equations with Friction

Wereplacetheforcevectorin thegoverningequation,equation(2.2),with thedifferencebetweenthefriction

forcevector,
�
Ff
 
, andthevectorof tectonicforces,

�
Ft
 
, asshown in equation(8.1).%
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Theminussignin frontof thefriction forcevectorindicatesthatwechooseto explicitly includethedissipative

natureof thefriction forcein thegoverningequation,sothat thevector
�
Ff
 

actsin thedirectionof sliding.

Wewill discusstheformulationof thevectorof tectonicforcesin section8.1.2.Following thesameprocedure

thatwe usedfor theprescribedrupturesdiscussedin section2.2,we integratethedifferentialequationusing

thecentral-differencescheme.Theexpressionfor thedisplacementat time t . ∆t is5
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We computethefriction at time t assumingthatwe know theslip rateat time t. In thecentral-difference

schemethevelocity at time t dependson the displacementat time t . ∆t, so thatcomputingtheslip rateat

time t requiresknowing theslip at time t . ∆t, which we do not know. To remedythis difficulty, we assume

thatthetimestepis smallenoughsothattheslip ratedoesnotchangesignificantlyin asingletimestep.This

approximationmaycauseproblemsif the slip rateexhibits a stronginfluenceon the coefficient of friction.

Fortunately, we do not usefriction modelswith this feature.Thus,we usetheslip rateat time t + ∆t, instead

of theslip rateat time t, to computethefriction forceat time t. Equation(8.3)givestheamendedversionof

theexpressionfor thedisplacementat time t . ∆t.5
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8.1.2 Forceson Slip Degreesof Freedom

We must transformthe initial tractionsappliedon the fault surfaceinto forcesactingon the slip degrees

of freedom. We specify the initial tractionson the fault surfaceusing the spatial interpolationprocedure

describedin section2.5.At eachnodeon thefault,we interpolatefrom thegiveninitial tractionsandconvert

the tractionsto forcesusing the node’s tributary areaon the fault plane. We assumethat the fault is in

equilibrium andapply the forcesequally to both sidesof the fault. We transformthe forcesinto the slip

coordinateframeusingthe transformationmatrix
%
Tslip

&
givenby equation(2.19). Equation(8.4) shows the

simplified expressionfor the force vector appliedat the degreesof freedomfor a nodeon the fault with

tributaryareaA. Following theconventionsusedin section2.4.1,
(
p ) q ) r * denotesthecoordinatesonthefault

plane,thesubscript1 denotesthedegreesof freedomassociatedwith themovementof thehangingwall, and
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thesubscript2 denotesthedegreesof freedomassociatedwith themovementof thefootwall.GHHHHHHHHHHHHI HHHHHHHHHHHHJ
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(8.4)

Theinitial tractionsdo not contributeany forcesto theaveragedegreesof freedom,which we associatewith

movementof both sidesof the fault in the samedirection,becausewe assumethat the fault surfaceis in

equilibrium.

Thefriction forcedoesnot requireany transformation;theproductof the coefficient of friction andthe

forceactingon therelativenormaldegreeof freedomgivesthemagnitudeof thefriction forcevectoracting

on theslip degreeof freedom.Thedynamicdeformationin thedomainmaycausevariationsin thenormal

forcesactingon the fault. We computethe dynamicnormalforce at the slip degreesof freedomaspart of

the formulationof the right-handsideof the time steppingequation(equation(8.3)). By checkingthat the

normal force remainscompressive, we confirm that clampingthe relative normaldisplacementacrossthe

fault remainsvalid. In otherwords,becausetensiletractionsimply openingof the fault, which we do not

allow, wewantthenormaltractionsto remaincompressive.

The appearanceof the differencebetweenthe tectonicforce vectorandthe friction force vectorin the

equationof motion implies that we may createthe samesliding behavior from an infinite combinationof

tectonicand friction forcesby keepingthe differencebetweenthemthe same. In other words,given the

sliding behavior andthe valuesof the tectonicforcesandfriction forces,if we aregiven differenttectonic

forces,we mayadjustthefriction modelto maintainthesameslidingbehavior.

8.1.3 Initiation of Sliding

To initiateslidingatapointonthefault, thefriction forcemustbelessthanthesumof theotherforcesacting

on that point. We start the earthquakesby increasingthe tectonicforcesin orderto overcomethe friction.

During thefirst 0.5secof thesimulation,we increasethefriction forceabove the level givenby thefriction

model in orderto creategradualfailure andpreventsuddeninitiation of the rupture. At eachpoint on the

fault wherefailureoccurs,we transitionthefriction forcefrom thecritical forcenecessaryto preventslip at

time t / 0 to theforcegivenby thefriction modelat time t / 0
:
5sec. Equation(8.5)givestheexpressionfor

the transitionof the artificially adjustedfriction force,Fadj
f , from the critical force requiredto preventslip,
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Fcr, to theforcegivenby thefriction model.

Fadj
f / (

1 + t
th
* Fcr . t

th
Ff (8.5)

8.1.4 Condition for Termination of Sliding

Oncea point on thefault startssliding, it continuessliding until theslip ratedecreasesandthefriction force

is large enoughto “lock” the fault. In moremathematicalterms,the sliding stopswhenthe friction force

becomeslargerthanthesumof all of theotherforces.Becausesliding occurson a plane,we mustconsider

the vectorsfor the forcesactingon eachnodeon the fault. Following the conventionsof section2.4.1,we

considerthe p1 + p2 andq1 + q2 sliding degreesof freedomat eachnodeon thefault. Usingequation(8.3)

with diagonalmassanddampingmatrices,the magnitudeof the critical friction force for the ith degreeof

freedomis

Fcri

(
Di
(
t *h) Ḋi
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We do not know the valueof ui
(
t . ∆t * sincethat is what we want to find; however, whensliding stops,

ui
(
t . ∆t *$/ ui

(
t * , andthecritical friction forcefor the ith degreeof freedombecomes
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Whenslidingstops,thefriction forcemayactin any direction.This implieswedonotneedto accountfor the

currentslidingdirectionin ourcriterionfor terminatingthesliding. In otherwords,weonly needto determine

if themagnitudeof the friction forcemeetsor exceedsthemagnitudeof the force requiredto terminatethe

sliding. Denotingthe friction forceat a nodeon the fault by Ff , equation(8.8) givestheexpressionfor the

conditionusedto determineif slidingstopsatanodeonthefaultwith slidingdegreesof freedomp1 + p2 and

q1 + q2.

Ff
(
D ) Ḋ *zy|{ F2

crp1 } p2
. F2

crq1 } q2
(8.8)

8.1.5 AverageStressDrop

Seismologistsoftenusetheaveragestressdropto characterizeearthquakes.Modelingthefriction onthefault

allows explicit computationof thestressdropat every point. Equation(8.9) indicateshow we computethe

averagestressdrop,∆σ, from theslip degreesof freedomby finding thedrop in friction forceat eachnode
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anddividing by thefaultarea,whereN is thenumberof nodeswhereslip occurredandAi is thefault tributary

areafor nodei. We follow thesameconventionthatwe usefor stressanddenotethe friction forcesbefore

andafterby F0 andF1. A positivestressdropsignifiesa reductionin thestresson thefault.

∆σ / ∑N
i U 1F0i + F1i

∑N
i U 1Ai

(8.9)

8.2 Initial Tractions on Fault

Theseismicwavesgeneratedby therupturingfault createdynamicstressesin thesurroundingvolume. We

assumethat theotherstressespresent,suchasthosedueto gravity andplatetectonics,do not changeon the

time scaleof theearthquake, sowe considerthemto beconstant.As in theprescribedruptures,we do not

needto know the initial stressesthroughoutthe domainto modelthe seismicwave propagation.However,

in order to simulatethe dynamicfailure of the fault, we mustknow the initial stressesactingon the fault

surface.Thesestressesmaybe found in a numberof ways,includingsolutionof a staticproblem,solution

of a viscoelasticproblem,extrapolatedfrom data,or assumedfrom intuition. Regardlessof their source,we

resolve the stressesinto shearandnormal tractionsactingon the fault surface. Thus,off the fault surface

we consideronly thedynamicstresses,while on the fault surfacewe considerboth the initial anddynamic

stresses.

8.2.1 Effective Normal Tractions

We will considergravity andplatetectonicsassourcesof normalstressesactingon the fault surface. In a

self-gravitating, sphericalearthwith only radial variationsin materialproperties,theweightof thematerial

generateslithostaticstresses(totalstressdueto gravity) with noshearstressesandequalaxialstresses(Mohr’s

circledegeneratesinto apoint). For homogeneousmaterialproperties,thelithostaticstressesincreaselinearly

with depth. In addition to shearstresses,plate tectonicsalsocreatesnormalstresseson the fault surface,

especiallyin thecaseof inclinedfaults.Thepresenceof waterin theintersticesof thegrainsgeneratespore

pressuresthatdecreasetheeffectivenormalstresses.Thethreedefinitivecasesinclude:whentheinterstices

containnowater, whentheintersticesaresaturatedwith waterathydrostaticpressure,andwhentheinterstices

containwaterat pressuresgreaterthanhydrostaticpressure.

If little or no water sits in the interstices,the pore pressuresare negligible and the effective normal

stressesequalthenormalstresses.For homogeneousmaterialpropertiesandmuchlargerlithostaticstresses

thantectonicnormalstresses,theeffectivenormalstressesincreaseapproximatelylinearlywith depth.If the

intersticesaresaturatedwith water, thentheporepressuresequalthehydrostaticpressures,andtheeffective

normalstressesarethedifferencebetweenthenormalstressesandthehydrostaticpressures.Undertheas-

sumptionsof homogeneousmaterialpropertiesandgreaterlithostaticnormalstressesthantectonicnormal

stresses,theeffective normalstressesagainincreaseapproximatelylinearly with depth,but at a slower rate
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dueto thepresenceof hydrostaticporepressures.Finally, if theconfiningpressuresreachhighenoughlevels,

theporepressuresmayapproachthenormalstressescausingtheeffective normalstressesto becomenegli-

gible. In this third casethematerialessentially“floats.” Theexistenceof topographyanddensityvariations

implieslargeshearstressesatdepththatrequirelargenormalstressesto preventfailure.Consequently, except

in localizedareas,weexpecttheporepressuresto benogreaterthanthehydrostaticpressures.Wealsoexpect

thenormalstresseson thefault from gravity to bemuchgreaterthanthestressesfrom platetectonics,sothat

the effective normalstressescloselyresemblethe normalstressesfrom gravity. Researchersoftenuseuni-

form effectivenormalstressesfor simplicity (Olsenetal.1997;Ben-ZionandAndrews1998;Madariagaetal.

1998)without acknowledgingthatassuminguniform effectivenormalstresseswith depthimpliesvery large

confiningpressures.We will examinetherupturebehavior for all threecasesof porepressurein chapter9.

8.2.2 ShearTraction

Sheartractionson the fault generatethe forcesthat causeslip on the fault surface. As discussedabove in

section8.1.2,we convert the sheartractionsto forcesactingon the slip degreesof freedom.We apply the

sheartractionsin thedirectionof thedesiredslip anduseanasperity(usuallycircularin shape)with a shear

stressgreaterthan the failure stressto start the rupture. Many factors,suchasdiscretizationsize, failure

stress,anddynamicstressdrop, influencethesizeof theasperitynecessaryto initiate a propagatingrupture

(Madariagaet al.1998).

8.2.3 Effect of Gravity

In generalgravity affectsboththenormalandshearstressesactingonthefaultsurface.For aself-gravitating,

sphericallysymmetricearthwith only radial variationsin materialproperties,gravity doesnot causeshear

stressesonany planes.However, theearthis notsphericallysymmetricandcontainslateraldensityvariations.

As a result,thestressfield dueto gravity generallycontainsbothshearandnormalstresses.We will usethe

analogyshown in figure8.1betweena blockon anincline planeanda thrustfault to demonstratethetypical

effectgravity hasonathrustfault. Thetectonicforcespushthemountainhigherandtheblockup theincline,

while gravity resiststhemotion.

m
Ft

Ft ~Ft

Figure8.1: Analogybetweena mountaincreatedby a thrustfault andablock onaninclineplane.

First,we considertheblock without gravitational forcespresentasshown in figure8.2(a).For theblock
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to moveup theincline, theshearcomponentof thetectonicforcemustbegreaterthanthefriction force,

Ft cosθ l Ff
:

(8.10)

After substitutingin thecoefficientof friction, µf , andsimplifying, we find

µf � cotθ
:

(8.11)

Thisresultdoesnotdependonthetectonicforce,whichimpliesthatfor asmallenoughcoefficientof friction,

we canmovetheblock up theinclinewith aninfinitesimalamountof force.

mm

(b)(a)

FnFn

Ft Ft

θ

Ff Ff

θmg

Figure8.2: Block on an incline planesubjectedto a horizontaltectonicforce, Ft . We denotethe normal
and friction forcesacting on the block by Fn and Ff . (a) Neglecting gravitational forces. (b) Including
gravitationalforces.

Now we considerthe sameblock on an incline underthe forceof gravity asshown in figure8.2(b). In

orderto move the block up the incline, the shearcomponentof the tectonicforcemustovercomeboth the

friction forceandtheshearforcecausedby gravity,

Ft cosθ l Ff . mgsinθ ) (8.12)

wherem is themassof theblockandg is theaccelerationof gravity. Substitutingin thecoefficientof friction

andsimplifying yields

Ft l mg
µf cosθ . sinθ
cosθ + µf sinθ

:
(8.13)

In thiscaseaminimumtectonicforceexistsfor slidingto occur. Includinggravity increasesthetectonicforce

requiredto movetheblock,becausegravity increasestheshearforceactingdown theinclineandincreasesthe

friction forcethroughanincreasein thenormalforce. Thus,theexistenceof gravity requireslargertectonic

stressesto createslip on a thrustfault. Becausetheseismicwave propagationdoesnot requireknowing the

stressesdueto gravity, we do not explicitly includethe contribution of gravity in the stresseson the fault;

however, wedo includethemin theinitial shearandnormaltractionson thefault surface.
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8.2.4 Spatial Distrib ution of Parametersfor Dynamic Failur e

We specifytheinitial tractionsandparametersof thefriction modelusingthespatialinterpolationprocedure

outlinedin section2.5. This meansthatwe mayapply thesametechniqueswe useto createthedatapoints

thatspecifythefinal distribution of slip on thefault (describedin section5.3) to specifythe initial tractions

andfriction modelparameterson the fault. This includesboth the exponentialfunction to taperthe shear

tractionsat the edgesof the fault (equation(5.1)) and the circular asperities(equation(5.2)) to generate

heterogeneityin the sheartractionsor parametersof the friction model. Taperingthe sheartractionsat the

edgesof thefault terminatesor nearlyterminatesthepropagationof theruptureasit approachestheedgeof

thefaultsurface.Westarttheruptureusingacircularasperitywith aheightthatcorrespondsto sheartractions

oneor two percentgreaterthanthe failurestress.Theoneor two percentover the failurestresseffectively

givestherupturea smallkick to startpropagating.As we notedin section8.2.2,many factorsinfluencethe

sizeof theasperityneededto initiate a propagatingrupture. For this reasonno relationshipshave yet been

foundthatgive thesizeof theasperityrequiredto initiatea rupture(Madariagaet al.1998).

The normaltractionsusually follow oneof the threedefinitive casesdescribedin section8.2.1. When

the materialpropertiesdependonly on depth,we canfind closedform solutionsfor the stressesin a self-

gravitating,sphericalearthasafunctionof depth.Of course,undersimpleinitial conditions,suchasuniform

effectivenormalstresses,specifyingtheeffectivenormalstressis trivial. For lithostaticnormalstresseswith

negligible porepressures,equation(8.14)givesthenormalstresses(Mohr’s circle degeneratesinto a point)

asa functionof depthwhenthemassdensityvariespiecewiselinearly with depth.Figure8.3 shows theset

of N controlpointsthatdefinethevariationof themassdensitywith depth.

σl
(
z*�/ g

2
ρ j

zj , 1 + zj

(
2zj , 1z + z2 + z2

j , 1 * . g
2

ρ j , 1

zj , 1 + zj

(
z2 + 2zzj + z2

j , 1 . 2zjzj , 1 *. j , 1

∑
i U 1

g
2

(
ρi . ρi , 1 * ( zi + zi , 1 * (8.14)

Equation(8.14) doesnot accountfor non-zeroporepressures.For hydrostaticporepressures,we simply

replacethe massdensityat eachpoint in equation(8.14)with the differencebetweenthemassdensityand

themassdensityof water.

8.3 Overview of Rupture Dynamics

The friction modelenablesus to examinesomeof the basicrelationshipssurroundingthe dynamicsof the

rupture.We studytherupturedynamicsby focusing,first, on thefriction stressand,second,on theenergy.
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ρ2z2
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z

Figure 8.3: Control points that definethe piecewise linear variationof the massdensitywith depth. We
computethenormalstressesat thelocationdenotedby theopencirclewith coordinatez.

8.3.1 Stressand Rupture Dynamics

We examinethe anatomyof the shearstresson the fault nearthe rupturefront shown in figure 8.4 to find

the relationshipbetweenits featuresandthe dynamicsof the rupture. From fracturemechanics,1 we know

that aheadof the rupturefront the shearstressesincreaseand becomesnearly singular just aheadof the

leadingedgeof therupture.At theleadingedgeof therupturewhereslip begins,theshearstressesdecrease

dramatically, andthen,dependingonthefriction model,mayor maynotrecoverastheslip ratedecreases.Of

course,in theearthandourfinite-elementmodelsfailureoccursatafinite valuewhichpreventstheformation

of a truesingularity.

Initial
Stress

from Failure
"Distance"

Stress
DropDynamic

Stress
Drop

Stress

Position

Direction of propagation

Stress

Slip begins

Time

Slipping region

Slip ends

Figure8.4: Diagramsof theconcentrationof shearstressnearthe rupturefront asa functionof space(left
diagram)andasa functionof time (right diagram).

Thefriction modelcontrolsthedecreasein friction stressasslip progresses,andtherefore,thedynamic

stressdrop. The rateof the dynamicstressdrop governsthe slip ratewith fasterdecreasesin shearstress

leadingto fasterincreasesin slip. The dynamicstressdrop and the distancefrom failure (the difference
1SeeFreund(1990)for anextensive discussionon thestressfield associatedwith dynamicfracture.



116

betweenthe failure stressand the initial shearstress)determinethe natureof the concentrationof stress

aheadof the leadingedgeof the rupture. A largerdistancefrom failuremagnifiesthestressconcentration,

anda largerdynamicstressdrop increasestherateof thedecayof thestressconcentration.The increasein

shearstressassociatedwith thestressconcentrationdictateswhenslip occursat eachpoint and,asa result,

therupturespeed.Thus,theslip rateandrupturespeedarerelatedthroughthedynamicstressdrop.

8.3.2 Energy and Rupture Dynamics

Wemayalsostudythedynamicsof theruptureusingenergy. Theincreasein shearstressonthefaultaheadof

theruptureimpliesstorageof strainenergy in thesurroundingregion. As therupturepropagates,therupture

front consumesenergy throughsliding. Weassociatetwo formsof energywith thesliding. Wecall theenergy

dissipatedduringthedecreasein thefriction duringsliding thefractureenergy, becauseit correspondsto the

fractureenergy in crackmodels.We associatetheenergy dissipatedthroughsliding at a relatively constant

friction stresswith thechangein thermalenergy. Theslidingalsogeneratestheenergy radiatedin theseismic

waves. As we increasethe fractureenergy, the ruptureconsumesmore energy leaving lessavailable for

sliding. In suchcasestheslip ratesandrupturespeeddecrease(FukuyamaandMadariaga1998).Likewise,

whenwe decreasethe fractureenergy, moreenergy is availablefor sliding, and the slip ratesandrupture

speedincrease.If the rupturedissipatesmoreenergy thanthe energy released,thenthe ruptureslows and

eventuallystops.

Thefractureenergy involvesboththefailurestressandtherateof changeof thefriction stresswith slip.

For anincrementof slip, dD, theincrementin fractureenergy perunit area,dG, is

dG / σ f dD ) (8.15)

whereσ f is thefriction stress.Expandingthefriction stressaboutthefailurestress(σfail) to first orderin dD

andsubstitutingyields

dG / σfaildD . 1
2

dσ f

dD r σfail dD2 : (8.16)

Thisexpressionshows thatthefailurestressdoesnot uniquelydeterminethefractureenergy. We mayadjust

theslopeof thefriction modelto changethefractureenergy. For example,if we lower thefailurestress,we

maymaintainthesamefractureenergy by reducingtherateat which thefriction stressdecreaseswith slip.

This techniqueplays a critical role in manipulatingthe dynamicsof the rupture in the finite-element

simulations.Wewantthewavepropagationto governthelocalelementsizes.However, accuratelycapturing

thestressconcentrationin shearstressnearthe leadingedgeof the rupturerequiresmuchsmallerelements

thanthosenecessaryto modelthewavepropagation(Madariagaet al.1998).With extremelyhigh resolution

meshes,the failure stresswill develop only over a very localizedregion. We want to capturethe general
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behavior of suchfailure without modelingsuchlocalizedbehavior. As we increasethe elementsize, the

concentrationin shearstressdecreasesfor a givendynamicstressdrop. In otherwords,thebuildup of stress

becomesdistributedover a longer length,which reducesthe stressconcentration.Consequently, we must

reducethe failurestressfor the ruptureto propagate.Thus,theability of a continuousmediumto generate

nearlysingularstressesnearthe leadingedgeof therupturefront meansthefractureenergy, not theprecise

level of thestressat failure,governsthepropagationof therupture.On theotherhand,in a discretemodel,

suchasour finite-elementmodels,the failure stressbecomesa length-scaledependentparameter, but the

fractureenergy continuesto control the behavior of the rupture. Luckily, we may manipulatethe friction

modelasdemonstratedin figure 8.5 to maintainthe samefractureenergy aswe changethe failure stress.

Thismeansthatwemayuselargerelementsthanthoserequiredto accuratelycapturethestressconcentration

andmay allow the wave propagationto control the discretizationsizewithout alteringthe behavior of the

rupture.
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Figure 8.5: Illustration of two setsof parametersfor the slip-weakening friction model (denotedby the
superscriptsa andb) that have the samefractureenergy with differentfailuresstresses(σa
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characteristicslip distances(Da
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o).

8.4 Friction Models

Thesimulationsoftwareimplementseightmodelsof sliding friction. All of the modelsdefinea functional

form of the coefficient of friction, andwe computethe friction force from the productof the normalforce

and the coefficient of friction. We do not implementthe state-ratefriction modelsadvocatedby several

researchers,including Scholz(1998)andDieterich(1992),becausethey arebaseduponviscoelasticcreep

behavior (Persson1997). Slip duringearthquakesoccursat rateson theorderof meterspersecond(Heaton

1990). Theseslip rateslie well outsidethe rangeof thecreepslip ratesof millimetersperyearusedin the

laboratoryexperimentsto develop the state-ratefriction models. Thus, we chooseto usesimple, ad hoc

friction modelswith characteristics,suchas weakening with the progressionof slip and re-strengthening

with thedeclineof slip rate,thatproducerealisticrupturebehavior andcapturethegeneralfeaturesof more
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complicatedmodels.

Wefocusoncapturingthemacroscopiccharacteristicsof thesliding. Welumpsmall-scaleeffectsinto the

friction model,becauseseveralpossiblemechanismshavebeensuggestedto explain thereductionin friction

during sliding. Theseincludefluid pressurization(Sleep1997),contrastsin materialproperties(Ben-Zion

andAndrews 1998),acousticfluidization (Melosh1996),andnormalvibrations(Tworzydlo andHamzeh

1997). In otherwords,we do not modelany particularmechanismthat reducesthe friction stress;instead,

we incorporatetheseeffectsinto themodelof thecoefficientof friction anddo not accountfor thereduction

in thefriction stressby modifying thenormalstresses.We will discussthedynamicsof theruptureprocess

for severalof theseadhocfriction modelsin chapter9 andchapter10. Table8.1providesdescriptionsof the

parametersusedin thefunctionalformsof thecoefficientof friction.

Variable Dimensions Description

µf dimensionless coefficientof friction
µmax dimensionless maximumcoefficientof friction
µmin dimensionless minimumcoefficientof friction
D length slip distance

V,Ḋ length/time slip rate
Do length characteristicslip distance
Vo length/time characteristicslip rate
s dimensionless statevariablein shearmelting-freezingmodel
τo time characteristictime

Table8.1: Descriptionof thevariablesinvolvedin thefriction models.

8.4.1 Constant

Thecoefficientof friction remainsconstantduringsliding. This is thesimplestfriction modelpossible.

µf / µmax (8.17)

8.4.2 Two-Phase

Thecoefficientof friction takesa valueof µmin whensliding occursandµmax otherwise.This is thesimplest

friction modelthatwith constantnormaltractionsleadsto thestick-slipbehavior associatedwith earthquakes.

The instantaneousdrop in the coefficient of friction implies no energy is requiredfor fracture. This model

correspondsto theslip-weakeningI friction modelwith Do / 0.

µf
(
Ḋ
(
t *j*b/

GI J µmax Ḋ
(
t *b/ 0

µmin Ḋ
(
t *��/ 0

(8.18)
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8.4.3 Slip-Weakening I

We modify the two-phasefriction model by decreasingthe coefficient of friction over a slip distanceof

Do. This includesthe latentheat(fractureenergy) generatedby fracturein the friction model. We assume

instantaneousrecoveryof thecoefficientof friction upontheterminationof sliding,sothatassoonassliding

stops,the coefficient of friction increasesto µmax. We will refer to this modelasslip-weakeningfriction,

becausethe materialexhibits a weakening in shearstrengthasslip occurs. Figure8.6 illustrateshow the

coefficient of friction decreasesfrom µmax (labeledumaxin the figure) to µmin (labeledumin in the figure)

overacharacteristicslip distanceof Do.

µf
(
D
(
t *j*0/

GI J µmin D
(
t * l Do

µmax + ( µmax + µmin* D e t f
Do

D
(
t *�� Do

(8.19)
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Figure8.6: Slip-weakeningI friction model.

8.4.4 Slip-Weakening II

In this case,insteadof a linear decreasein the coefficient of friction with slip distance,we decreasethe

coefficientof friction inverselywith slip distanceasshown in figure8.7.

µf � D � t �j��� µmin ��� µmax � µmin� Do

D � t � � Do
(8.20)
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Figure8.7: Slip-weakeningII friction model.

8.4.5 Rate-Weakening I

This modelis analogousto theslip-weakeningI friction modelwith thedecayasa functionof slip distance

replacedby adecayasa functionof slip rate.

µf � Ḋ � t �i�b���� � µmin Ḋ � t ��� Vo

µmax ��� µmax � µmin� Ḋ � t �
Vo

Ḋ � t ��� Vo

(8.21)

8.4.6 Rate-Weakening II

This modelis analogousto theslip-weakeningII friction modelwith thedecayasa functionof slip distance

replacedby adecayasa functionof slip rate.

µf � Ḋ � t �j�0� µmin ��� µmax � µmin� Vo

Ḋ � t � � Vo
(8.22)

8.4.7 Slip- and Rate-Weakening

Following Madariagaet al. (1998)we createa friction modelthatdependson slip distanceandslip rateby

takingthegreaterof thetwo coefficientsof friction determinedfrom theslip-weakeningI andrate-weakening

I friction models.We will oftenreferto this modelasslip- andrate-weakening.We replaceµmax in therate-

weakening I friction model with µpost to allow differentshearstrengthsbeforeandafter slip. Figure 8.8

illustratesthe variationof the coefficient of friction with both slip distanceandslip rate; we alsoshow a

typical pathof thecoefficientof friction duringsliding.

8.4.8 ShearMelting-Refreezing

This modelcomesfrom Persson(1997)andcontainsseveral of the samegeneralfeaturesof the slip- and

rate-weakeningmodel.However, thecoefficientof friction dependson thehistoryof theslip rate.Figure8.9

displaysa typical trajectoryof thecoefficientof friction duringa slip event.
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Figure 8.8: Slip- and rate-weakening friction model. The thick line indicatesa typical trajectoryof the
coefficientof friction.

We denotethestateof thesliding surfaceby thestatevariables. Whens � 1 thesurfaceis in a “solid”

statewith a high coefficientof friction, andwhens � 0 thesurfaceis in a “fluid” statewith a low coefficient

of friction. Although Perssonderives the friction modelassociatingthe low level of friction with a fluid

stateand the high level of friction with a solid state,the physicsof the friction model do not explicitly

involvemeltingandrefreezing;thefriction modelinvolvestransitionsbetweentwo stateswith two different

coefficientsof friction. In this friction modelthecharacteristicslip distancerefersto theslidingdistanceover

which “melting” occurs,andthecharacteristictime variesinverselywith therateat whichareas“refreeze.”

µf � Ḋ � t �`� s� t �i�0� µmin ��� µmax � µmin� s� t � (8.23)

ṡ� t �b� 1
τo
� 1 � s� t �j� �j� ln � 1 � s� t �j�i� 2

3 � s� t � Ḋ � t �
Do

(8.24)

Whennoslidingoccurs,wehavetwo equilibriumstateswherethecoefficientof friction doesnotchangewith

time: µf � µmin whens � 0 andµf � µmax whens � 1. If thesystemis not in equilibriumandnot sliding,

ṡ � 1
τo

s� 1 � s��� 0 because0 � s � 1, andthesurfacerefreezes(s � 1). We integratethestateequationusing

theforwarddifferenceschemeto obtainthevalueof thestatevariableat time t � ∆t.

s� t � ∆t ��� s� t � � ∆t
τo
� 1 � s� t �i� �3� ln � 1 � s� t �j�j� 2

3 � ∆t
s� t � Ḋ � t �

Do
(8.25)
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Figure 8.9: Shearmelting-refreezingfriction model. The thick line indicatesa typical trajectoryof the
coefficientof friction.
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Chapter 9 Dynamic Failur e in a Homogeneous

Half-Space

We begin our examinationof dynamicfailurewith simulationsin a homogeneoushalf-space.We studythe

behavior of the rupture,including the role of fractureenergy, the effectsof the free surfaceon the rupture,

andtheeffectsof thevariousfriction modelson thegroundmotions.We alsoconsiderdifferentvariationsin

theeffectivenormalstresseswith depthandtheir implicationson theparametersof thefriction model.

We will usesomeof thebasicfeaturesof rupturesobservedin natureto judgethebehavior of thesimu-

latedruptures.Heaton(1990)examinedtherupturebehavior of sevenearthquakesandfoundno systematic

variationsin theslip distributionswith depth. On the otherhand,we do expectsomesystematicvariations

in theslip distribution for theoretical,constantstressdropearthquakes(HeatonandHeaton1989).Whenthe

fault reachesthe freesurface,for a uniform stressdrop the largestslip occursalongthe freesurfacedueto

the reductionin stiffness. Likewise, whenwe bury the fault, the largestslips occurnearthe centerof the

fault. Althoughdifficult to resolve,Heaton(1990)did notfind any clearvariationsin thedurationof slip with

depth.Consequently, we wantrelatively uniform maximumslip rates.We will alsoassumethat thenominal

tectonictractionsmaybederivedfrom applicationof relatively uniform stressesor uniform strains(thetwo

areequivalentin homogeneoushalf-spaces).

9.1 Finite-Element Models

We focuson thegeneralcharacteristicsof the rupturebehavior for thesesimulations.Consequently, where

possible,we consideronly the volumeimmediatelysurroundingthe fault to reducethe computationeffort

andstoragerequirements.This allows thesesimulationsto run on a Sunworkstation. Whenwe needto

examinedynamicfailure in a homogeneoushalf-spacewith a larger fault, we usethe finite-elementmodel

for thehomogeneoushalf-spacefrom section7.1.

9.1.1 Strik e-Slip Fault

We enclosethe16km long and9.9km wide fault in a domain30km long, 14km wide, and16km deepas

shown in figure9.1. The top of the fault sitsat thegroundsurface. We imposehorizontalshearstressesto

generateleft-lateralslip on thenorthstriking,verticalfault.

WeuseIDEAS to createthefinite-elementmodelatcoarseresolutionandthe2x refinementprocedureto

generateanominalnodespacingof 660m. Weagainmodelwavepropagationdown to periodsof 2.0secwith
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Figure9.1: Orthographicprojectionof thedomaingeometryfor thestrike-slip fault. The labelHA denotes
thelocationof thehypocenter. We will examinethewaveformsat siteS1.

the samematerialpropertiesasthe homogeneoushalf-spaceswith prescribedrupturesin chapter7. Using

the 4x refinementprocedurereducestheperiodby anadditionalfactorof two, but increasesthe numberof

elementsby a factorof eightasillustratedin table9.1.

Resolution # Nodes # Elements

Coarse 4200 21,000
2x refinement 34,000 160,000
4x refinement 270,000 1.3million

Table9.1: Sizesof thefinite-elementmodelsat variousresolutionsfor thedomaincontainingthestrike-slip
fault.

9.1.2 Thrust Fault

Thedomainwith dimensionsshown in figure9.2 containsa 9.9km long and11.2km wide thrustfault that

dips35degreesto thesouth.Webury thefault5.3km below thegroundsurface,andimposeshearstresseson

thefault surface105degreesfrom thestrike to theeast.Table9.2givesthesizesof thefinite-elementmodel

createdat coarserefinementusingIDEAS andafter2x refinement.

Resolution # Nodes # Elements

Coarse 4900 24,000
2x refinement 39,000 190,000

Table9.2: Sizesof thefinite-elementmodelsatvariousresolutionsfor thedomaincontainingthethrustfault.
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Figure9.2: Orthographicprojectionof thedomaingeometryfor the thrustfault. The labelHA denotesthe
locationof thehypocenter. We will examinethewaveformsat siteS1.

9.2 General Featuresof Dynamic Rupture

We considerruptureon the strike-slip fault in the homogeneoushalf-spacedescribedin section9.1.1. We

follow the leadof someof the other researcherswho simulateearthquakesusingdynamicfailure, suchas

Madariagaetal.(1998)andBen-ZionandAndrews(1998),andbegin by assuminguniformeffectivenormal

stresses.Recall from section8.2.1 that this variation in the effective normal stressis generallyusedfor

simplicity.

9.2.1 BaseCase:Scenariossbase

From the subsurfacerupturelengthandaverageslip relationshipfrom Wells andCoppersmith(1994)we

expect an averageslip of 0.5m on a strike-slip fault this size. The averagestressdrop on a rectangular,

vertical, strike-slip fault in a homogeneousPoissonianhalf-spacegenerallyfollows equation(9.1) wherel

andw denotethelengthandwidth of thefault (Heatonet al.1986).

∆σ � Cµ
D
w

(9.1)
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where

C   �¡¡¡� ¡¡¡�
CD w � l

CD � 0 ¢ 9 � 1 � l
w � w � l � 2w

CD � 0 ¢ 9 l � 2w

CD  £�� � 1 ¢ 6 surfacerupture

2 ¢ 1 deeplyburiedfaults

Substitutingin for the shearmodulusand fault width, we find that we expect an averagestressdrop of

1.3MPa. Therecovery of the coefficient of friction uponterminationof the sliding meansthat the average

stressdropwill be lessthanthemaximumdynamicstressdrop. As a result,we mustusea dynamicstress

dropthatis largerthantheexpectedaveragestressdropto generatecomparableslip. Consequently, basedon

a trial simulationwe imposea maximumdynamicstressdropof 2.0MPa to produceapproximately0.5m of

slip.

Initial Conditions

We will assumethat the earthquake doesnot completelyrelieve the initial stressandapply uniform initial

sheartractionsof 4.0MPa. We still needto determinea valuefor the failure stress.We expect the initial

stressesto lie somewherebetweenthe minimum sliding shearstressesandthe shearstressesat failure. A

smalldistancefrom failure(thedifferencebetweenthefailurestressandtheinitial shearstress)impliesthat

the fault is closeto failure andthe rupturewill propagatevery fast. At the otherextreme,a large distance

from failure inhibits propagationof the rupture. Thus,we want to avoid the extremecasesandexpect the

initial shearstressesto beaboutmidway betweentheminimumsliding shearstressesandtheshearstresses

at failure. In thiscaseandin nearlyall othercases,weselectthedistancefrom failureto matchthemaximum

dynamicstressdrop. As a result, the initial shearstresseslie halfway betweenthe minimum sliding shear

stressesandthefailurestresses.

Matching the distancefrom failure with the maximum dynamicstressdrop gives a failure stressof

6.0MPa. Assuminga typical valueof 0.6 for the coefficient of friction at failure (Persson1997)yields a

normaltractionof 10MPa. We needto keepin mind thatatseismogenicdepthsin theearthwefind effective

normalstressesashigh as500MPa. We wantto producea smoothslip distribution,sowe choosea uniform

dynamicstressdrop.This impliesaminimumcoefficientof friction of 0.2.Table9.3summarizesthefriction

modelparametersandinitial tractions,andfigure9.3displaystheshearandnormaltractionson thefault sur-

face.We initiate therupturewith a circularasperitywith a radiusof 1.8km whosecentersits5.0km below

thegroundsurfaceand5.0km northof thesouthendof thefault.
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Friction Model Slip-WeakeningI
µmax 0.6
µmin 0.2
Do 0.15m
NormalTraction -10MPa
ShearTraction 6.0MPa

Table9.3: Frictionmodelparametersandinitial tractionsfor scenariossbase.

Figure 9.3: Shearand normal tractionson the strike-slip fault for the basecasewhich featuresuniform
effectivenormalstressesandno variationsof thecoefficientof friction parameterswith depth.

Characteristicsof Earthquake

Thegeneralfeaturesof theruptureconformto whatwe expectin anearthquake. As shown in figure9.4, the

ruptureinitiatesin theasperityandpropagatesacrossthefault. Theruptureexpandsasanellipsewith afaster

rupturespeedin thedirectionof slip comparedto the directionperpendicularto slip. This differs from the

prescribedruptureswhereweuseauniformrupturespeed,but it doesmakesensephysically. In thedirection

of slip, therupturedisplaysmode-IIcrackbehavior (shearing),andin thedirectionperpendicularto slip, the

rupturedisplaysmode-III crackbehavior (tearing).

When the fractureenergy is small, the stressintensitiesin the anti-plane(mode-III) direction exceed

thosein the in-plane(mode-II) direction(Madariagaet al. 1998). As a result,we would expectrupturesto

propagatefasterin thedirectionperpendicularto slip (anti-planedirection).However, Madariagaetal.found

that ruptureswith this limited amountof fractureenergy arenumericallycontrolled,so that the numerical

solutionfails to model the rupturefront accurately. As the fractureenergy increases,the rupturespeedin

thedirectionof slip tendsto exceedthespeedin thedirectionperpendicularto slip dueto theasymmetryin

theshearwave radiationpattern(Madariagaet al. 1998). We observe preciselythis typeof behavior; in the

directionparallelto the slip we observe a rupturespeedof 1.7km/sec(comparedto a shearwave speedof

3.3km/sec), andin thedirectionperpendicularto theslip we observe a rupturespeedof 1.4km/sec. These

valuescorrespondto rupturespeedsof roughly 50% and40% of the shearwave speed.We may increase

this slow rupturespeedto a more realistic value by decreasingthe fractureenergy without changingthe

fundamentalbehavior of therupture.

An eight kilometerlong portion of the rupturefront encountersthe free surfacealmostsimultaneously,
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Figure9.4: Snapshotsof slip rateon thestrike-slipfault for thebasecase.

which dramaticallyreducestheresistanceto sliding nearthecenterof this portionof therupturefront. This

createsrapid slip nearthe surfacewith a high apparentvelocity alongthe groundsurfaceat 4.0sec. The

reducedresistanceto slip generatesa small reflectionin slip off the free surfacethat is barely visible at

5.0secnearthebackof themainrupturefront. Thelargerslip ratesnearthegroundsurfaceallow therupture

to continuepropagatingalongthegroundsurfaceat a fasterrupturespeed(comparedto the truespeedthat

therupturehaswhenit hits thegroundsurfacewith ahighapparentvelocity). This fastportionof therupture

catchesup to theruptureatdepthjustbeforetherupturereachestheendof thefault. Thewidth of therupture

front, i.e., theregion wheretheslip ratesarenonzero,stretchesacrossa largeportionof thefault; however,

thelargerslip rates(wheremostof theslip occurs)areconfinedto asmallportionlocatedcloseto theleading

edgeof therupture.

Figure9.5givesthedistributionsof final slip andmaximumslip rateonthefault. Thefinal slip resembles

thatof a uniform stressdropearthquake,asit shouldbasedon theuseof a uniform dynamicstressdropand
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a slip-weakeningfriction model. The averageslip of 0.51m closelymatchesour target valueof 0.5m and

correspondsto amomentmagnitudeof 6.2.Additionally, theaveragestressdropof 1.2MPagenerallyagrees

with the valueof 1.3MPa from equation(9.1). As we notedin our discussionof the rupturepropagation,

themaximumslip ratesoccuralongthefreesurface.Themaximumslip ratesaway from thegroundsurface

displaya tendency to increaseastherupturepropagates.

Figure9.5: Distributionsof final slip andmaximumslip rateateachpointon thestrike-slipfault for thebase
case.

9.2.2 Roleof Fracture Energy

We switchthefriction modelfrom theslip-weakeningfriction modelto thetwo-phasefriction model,while

applyingthesameinitial tractions.This coincideswith decreasingthecharacteristicslip distanceto zeroin

the slip-weakeningfriction model. However, the discretenatureof the finite-elementmodeldoesprovide

someinherentor effective fractureenergy. Upon initiation of sliding thecoefficient of friction immediately

dropsto its minimumvalue,andno energy is requiredfor fracture.Figure9.6 shows theslip time histories

at a depthof 8.0km at the left andright quarterpointsof the fault (labeledLQP andRQPin figure 9.1);

the left quarterpoint lies at the centerof the asperityusedto initiate the rupture. As expectedwith the

instantaneousdrop in friction, the slip quickly acceleratesinsidethe asperity. With no fractureenergy, the

rupturepropagateswith anapproximaterupturespeedin thedirectionof slip of 4.9km/seccomparedto the

shearwave speedof 3.3km/sec, or nearly threetimesfasterthanthe rupturewith slip-weakeningfriction.

At the right quarterpoint, theslip rateexhibits only a minor increasewhenwe remove the fractureenergy.

At both locations,slip occursin closelyspaced,multiple eventsdueto the introductionof numericalnoise

associatedwith the sharpinitiation of slip andthe inability of the model to accuratelyhandlefrequencies

above 0.5Hz. Thus,we confirm our intuition outlinedin the discussionof the fractureenergy andrupture

speedin section8.3.2;thefractureenergy displaysa stronginfluenceon thespeedof therupture.

9.2.3 Effect of Discretization Size

We examinethe effectsof the discretizationsizeby using the sameparametersas the basecase,i.e., the

sameinitial tractionson the fault surfaceand the sameslip-weakening friction model,but replacethe 2x
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Figure9.6: Comparisonof slip time historiesat the left andright quarterpointson thestrike-slip fault at a
depthof 8.0km for ruptureswith fractureenergy (slip-weakeningfriction model)andwithoutfractureenergy
(two-phasefriction model).

refinementprocedurewith the4x refinementprocedure.This reducesthenominalnodespacingfrom 660m

to 330m. Figure9.7 shows the horizontaldisplacementtime historiesat site S1, which is locatedon the

groundsurfaceabove thecenterof thefault. Theearlierinitiation of slip in thefiner meshindicatesthat the

rupturepropagates11% faster(1.9km/seccomparedto 1.7km/sec). The larger displacementin the north-

south(fault parallel) componentfor the finer resolutionreflectsthe increasein averageslip from 0.51m

to 0.55m. On both componentsthe velocitiesexhibit little change.Thus,reducingthe discretizationsize

leadsto only small changesin the rupturespeedandslip time historieswith no fundamentaldifferencesin

the rupturedynamics.We concludethatwith theappropriatefractureenergy we mayusethenodespacing

criterionfrom thewave propagationfor thesimulationswith dynamicfailure.
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131

9.3 EffectiveNormal Stresses

We wantto determinehow thechangesin thevariationsof theeffectivenormalstresseswith depthaffect the

dynamicsof theruptureon thestrike-slip fault. Furthermore,whenthecharacteristicsof the rupturedo not

leadto realisticevents,we will adjustthe friction modelto createrealisticruptures.We returnto the three

definitive casesof porepressuresdescribedin section8.2.1to createthreedifferentvariationsof thenormal

tractionswith depth,includinguniform effective normaltractions,lithostaticeffective normaltractions,and

lithostaticeffectivenormaltractionsreducedby hydrostaticporepressures.

9.3.1 Uniform Stresseswith a Uniform Friction Model:

Scenariossbase

We alreadydiscussedscenariossbase(thebasecase)which featuresuniform effective normalstresses.Fig-

ure 9.8 displaysthe uniform tractionswith depth. While we do not a priori know the changein the shear

tractions,theuniform dynamicstressdropsuggeststheapproximatevaluesof thechangein sheartractions.

We illustratethefinal sheartractionsusingtheinitial sheartractionsandthechangein thesheartractions.In

scenariossbasewefoundrealisticrupturedynamics,i.e., therupturepropagatesalongthefaultata relatively

constantspeedandgeneratesa smoothuniformslip distributionconsistentwith a uniformstressdrop.
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Figure9.8: Variationsof the tractionswith depthon the strike-slip fault for the caseof uniform effective
normalstressesandno variationsof thecoefficient of friction parameterswith depth.Thedashedlinesgive
anestimationof thosetractionswhoseprecisevaluesdependon theresultsof thesimulation.

9.3.2 Lithostatic Stresseswith a Uniform Friction Model:

Scenariosslithouni

In thiscasewe assumethatlittle or no waterresidesin theintersticesof thegrains,sothattheporepressures

are negligible, and the effective normal stressesare lithostatic. We usethe sameslip-weakening friction
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modelthatweusein thebasecase.Theparametersin thefriction modeldonot varywith depth.

Initial Conditions

With negligible pore pressuresthe effective normal stressesequal the lithostatic stresses.In the caseof

our homogeneoushalf-space,theeffective normalstressesincreaselinearly with depth.Thesheartractions

at failure increaselinearly with depth,becausethey comefrom the productof the normaltractions,which

increaselinearly with depth,andthe maximumcoefficient of friction (µmax), which is uniform with depth.

To createa propagatingrupturewith a uniform speed,we employ a uniform distancefrom failure. This

implies that the initial sheartractionsshouldincreaselinearly with depth. Maintaininga uniform distance

from failureover the entiredepthof the fault would requirenegative initial sheartractionsnearthe ground

surface,sowe limit thesheartractionsto positive valuesandtaperthedistancefrom failureneartheground

surface.Becausetheeffectivenormaltractionsincreasewith depth,thechangein thesheartractionswill be

largerat depth.Figure9.9summarizesthevariationsof thesetractionswith depth.We do not know thefinal

shearstresseson the fault surface,but we expect the final shearstressesto generallyfollow the variations

of the minimum sliding shearstresses.Figure9.10shows the initial shearandnormaltractionsappliedto

the fault surface. The asperityusedto start the rupturerequiresonly small relative increasesin the shear

tractions,sounlike thebasecase,it blendsin with thesurroundingsheartractions.Dueto thelargeincrease

in thesheartractionswith depth,wechoosenot to taperthesheartractionsalongthelateraledgesandbottom

of thefault.
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Figure9.10: Initial shearandnormaltractionson thestrike-slipfault for scenariosslithouni.

Characteristicsof the Earthquake

Therupturepropagatesrapidlyacrossthebottomof thefault in responseto theincreasein thedynamicstress

drop with depth. Recall from section8.3.1 that the sizeof the dynamicstressdrop influencesthe rupture

speed.Figure9.11shows the distributionsof final slip andmaximumslip rateon the fault. In contrastto

scenariossbase,boththefinal slip andmaximumslip rateshow a cleartrendwith depthwith extraordinarily

largevaluesnearthebottomof thefault. We seethatadynamicstressdropthatincreaseswith depthleadsto

unreasonablebehavior, and,in particular, thefinal slipsandmaximumslip ratesincreasewith depth.

Figure9.11:Distributionsof final slip andmaximumslip rateateachpointonthestrike-slipfault for scenario
sslithouni.

We mayscaletheinitial tractionsto createreasonablevaluesof final slip andslip ratenearthebottomof

the fault, but we cannotchangethetrendwith depthaslong astheparametersin the friction modelremain

uniform with depth. Similarly, if the porepressuresremainwell below the lithostaticpressures,increasing

the pore pressureswill only reducethe rateat which the slip andslip rate increasewith depth; it cannot

changethe trend. Additionally, any otherfriction modelwith uniform parameterswith depthwill produce

the sametrendswith depth. This suggeststhat eitherthe effective normalstressesareuniform with depth

or thefriction modelparametersvary with depth.As we notedin section8.2.1,theexistenceof topography

anddensityvariationsimply the pore pressuresdo not generallyapproachthe lithostaticnormal stresses.

Consequently, we will attemptto adjust the parametersin the friction model to compensatefor effective
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normalstressesthatincreasewith depth.

9.3.3 Lithostatic Stresseswith a Variable Friction Model:

Scenariosslithovar

We continueto assumenegligible porepressuresso that theeffective normalstressesincreaselinearly with

depthin thehomogeneoushalf-space.We adjustthecoefficient of friction parameters,µmax andµmin, in the

slip-weakeningfriction modelto createa uniformdynamicstressdrop.We startwith theexpressionsfor the

effectivenormalstress(σn), theshearstressat failure(σfail), andthestressdrop(∆σ):

σn � ρgz (9.2)

σfail � � µmaxσn (9.3)

∆σ � σ0 � σ1 ¢ (9.4)

We follow theconventionthatz is positiveupwardssoz � 0 below thegroundsurface.We definetheinitial

shearstressrelative to thefailurestressusingthedistancefrom failure,σdff ,

σ0 � σfail � σdff � (9.5)

andassumethatthefinal shearstressequalstheminimumslidingshearstress,

σ1 � � µminσn ¢ (9.6)

Substitutinginto theexpressionfor thestressdropandsolvingfor theminimumcoefficientof friction yields

µmin � µmax � ∆σ � σdff

ρgz
¢ (9.7)

Thedistancefrom failuremayor maynot changewith depth.Assuminga distancefrom failurepropor-

tional to depthimpliesthattheminimumandmaximumcoefficientsof friction remainrelativelyuniformwith

depth. In orderto maintaina uniform rupturespeedwith a distancefrom failure that increaseswith depth,

thestressconcentrationaheadof therupturemustincreasewith depth.As we discussedin section8.3.2,in

continuousmediapropagatingrupturesgeneratenearlysingularshearstressesnearthe rupturefront. Such

shearstressescancausefailureoverthedepthof thefaultwhenthedistancefrom failureincreaseswith depth.

In the finite-elementmodelthe dependenceof the failure stresson the discretizationsizecoupledwith our

basingthediscretizationsizeon thewavepropagationnecessitatesusinga uniformdistancefrom failure.As

aresult,wefocusonaccuratelymodelingthefractureenergy andtheshearstressesduringslidingasopposed

to theshearstressesat failure.
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Returningto our expressionfor the changein the minimum coefficient of friction, a uniform distance

from failuremeansthattheabsolutedifferencebetweenthemaximumandminimumvaluesof thecoefficient

of friction decreaseswith depth,i.e., µmax � µmin � 0 asz � � ∞. We may accomplishthis task in three

generalways.

1. We usea uniform valuefor thecoefficientof friction at failure(µmax) anddecreasetherelativechange

in thecoefficientof friction duringsliding by adjustingµmin using

µmin � µmax � ∆σ � σdff

ρgz
¢ (9.8)

Theuniform coefficient of friction at failureanda uniform distancefrom failuremeansthat theinitial

shearstressesmust increaselinearly with depth. Consequently, the tectonicstressesmust increase

linearlywith depth.In otherwords,thetectonicstressescannotbederivedfrom applicationof uniform

stressesor uniform strainsin thehomogeneoushalf-space,which seemsunrealistic.Furthermore,the

sliding stressesincreasewith depthwhich implies hugechangesin temperatureduring sliding. For

example,assuminga coefficient of friction at failureof 0.6,a densityof 2450kg/m3, a distancefrom

failure of 2MPa, at a depthof 10km we find a sliding stressof 140MPa. If the heatis confinedto

a region 5mm wide and the heatcapacityis 1000J/(kg-¤ K) (Kanamoriet al. 1998), the changein

temperaturefor every meterof slip is 11,000degreesKelvin. Sucha large changein temperature

would inducemeltingandwould leadto a decreasein thesliding stress.With largereffective normal

stresseswith depth,thedegreeof meltingwouldincreasewith depth.Assumingthattheslidingstresses

decreasesignificantlywith melting implies that the sliding stressesdo not increasewith depth. This

contradictsour original assumption.Thus, the coefficient of friction at failure must decreasewith

depth.

2. We usea uniform valuefor theminimumcoefficientof friction duringsliding (µmin). We decreasethe

relativechangein thecoefficientof friction by alteringthecoefficientof friction at failureusing

µmax � µmin � ∆σ � σdff

ρgz
¢ (9.9)

Thefailurestressapproachesauniformvalueasthedepthincreases,whichin conjunctionwith theuni-

form distancefrom failureimplieslargerinitial shearstressesnearthesurface.As in thepreviouscase,

we find this unrealisticbecausethe tectonictractionscannotbe derived from applicationof uniform

stressesor uniformstrains.

3. We decreasethecoefficientof friction with depthby adjustingboththecoefficientof friction at failure

(µmax) and the coefficient of friction during sliding (µmin) in the samemanner. As slip progresses,

the absolutechangeof the coefficient of friction decreaseswith depth,but the relative changedoes

not. This leadsto uniform failure andsliding stresseswith depthandresemblesthe caseof uniform



136

effective normalstresses.In this case,we may generatethe tectonicshearandnormalstressesfrom

uniformstressesor uniformstrainswith depth.

Wechoosethethird alternativebecausetheinitial andslidingshearstressesseemmostrealistic.Additionally,

theuniformrelativechangein thecoefficientof friction appearsreasonable,yet remarkablysimple.

Initial Conditions

The two parameters,µmax andµmin, in the slip-weakeningfriction modelvary with the inverseof depthas

shown in figure9.12.Equation(9.10)givesthefunctionform of thefriction model.It seemsunreasonableto

let thecoefficientof friction approachinfinity at thesurface,soweclip its valueaboveadepthof 250m.

µmax �£�� � � 250m
z z � � 250m

1 ¢ 00 z � � 250m

µmin �£�� � � 83¥ 3m
z z � � 250m

0 ¢ 333 z � � 250m

Do � 0 ¢ 150m (9.10)
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Figure9.12: Depthvariationsof thecoefficient of friction parameters,µmax andµmin, in theslip-weakening
friction model.

Our ad hoc adjustmentof the friction model parameterscreateslarge variationsin the coefficient of

friction with depth. Researchersobserve reducedvaluesof thecoefficient of friction whenthe temperature

increases(Scholz1990). Rice andBen-Zion(1996)vary the parametersin their friction modelwith depth

basedon temperature;however, their parametersexhibit only small variationswith depth. Thus,somede-

creasein thecoefficientof friction with depthbasedon theincreasein temperatureseemsreasonable.We do
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not know how thecoefficientof friction varieswith depth,soour largevariationin thecoefficientof friction

with depthmayor maynotberealistic.Wereducethecoefficientof friction with depthin orderto createlow

sliding shearstressesthatdo not imply melting,to allow a uniform stressor strainfield to generatethenom-

inal initial shearstresseson thefault, andto maintaina uniform distancefrom failure. We choosea uniform

distancefrom failurebasedonourdesirenot to increasetheresolutionof thefinite-elementmodelwith depth

andour focuson theshearstressesduringsliding asopposedto theshearstressesat failure. Moreover, the

variationof thecoefficientof friction remainsrelatively unconstrainedby seismologicaldata.

Figure9.13illustratesthat thesheartractionsat failurealongwith theinitial andfinal sheartractionsdo

notvarywith depthexceptnearthegroundsurface.Abovethedepthwhereweclip thecoefficientof friction

at failure (labeled“TaperDepth” in figure 9.13), the tractionstapertowardsa valueof zeroat the ground

surface.Figure9.14shows theeffectivenormaltractionsandinitial sheartractionsthatwe applyto thefault

surface.Theeffectivenormaltractionsmatchthosefrom thepreviouscase(figure9.10),andtheinitial shear

tractionsmatchthosefrom thecaseof uniform effectivenormalstresses(figure9.3),exceptin thetop 250m

wherewe taperthesheartractions.
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Figure9.13: Variationsof thetractionswith depthon thestrike-slipfault for thecaseof lithostaticeffective
normalstressesandvariationsof thecoefficient of friction parameterswith depth.Thedashedlinesgive an
estimationof thosetractionswhoseprecisevaluesdependon theresultsof thesimulation.

Characteristicsof the Earthquake

Our manipulationof the friction modelparametersyields the desiredresults. The ruptureexhibits nearly

identicalbehavior to theonein scenariossbase.Therupturepropagatesat thesamespeed(1.7km/sec) and

producesthedistributionsof final slip andmaximumslip rategivenin figure9.15. Comparingthedistribu-

tionsto thosefrom scenariossbase(figure9.5),we find only smalldeviationsbetweenthetwo. Thetapering

of thetractionsnearthegroundsurfacecausesthemorenoticeabledifferences,includingthereductionof the
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Figure9.14:Shearandnormaltractionson thestrike-slipfault for scenariosslithovar.

maximumslip ratealongthegroundsurface.

Figure9.15:Distributionsof final slip andmaximumslip rateateachpointonthestrike-slipfault for scenario
sslithovar.

Thehorizontalvelocitiesat siteS1reflecttheseminor differences.In figure9.16we seea smallerpeak

velocity in thenorth-south(fault parallel)directionfor scenariosslithovarcomparedto scenariossbase.This

coincideswith thereducedmaximumslip ratesalongthegroundsurface.Theeast-westcomponentof veloc-

ity showsnegligible differences.

9.3.4 Lithostatic-Hydr ostatic Stresseswith a Variable Friction Model:

Scenariosslithohydro

We now considerthecaseof saturatedmaterialwheretheporepressureequalsthehydrostaticpressure.Sev-

eral researchers,suchasRice andBen-Zion(1996),Sleep(1997),andTullis (1996),usethis distribution

of the effective normalstresseswith depth. Comparedto the caseof lithostaticeffective normalstresses,

the saturationof the materialwith waterreducesthe effective normalstressesby the hydrostaticpressures.

We maintainthesamefailurestressat every point with a 70% increasein thecoefficient of friction. Equa-

tion (9.11)givesthefunctionalformsof theparametersin theslip-weakeningfriction model.Consequently,

weapplythesameinitial sheartractionsthatweusefor scenariosslithovar. Figure9.16showsthatthewave-

formsremainthesame,i.e., therupturebehavior andtheresultinggroundmotionsdo not change.Thus,the
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Figure9.16:Comparisonof horizontalvelocity timehistoriesatsiteS1for thethreecasesof effectivenormal
stresseson thestrike-slipfault.

variationsof theparametersin thefriction modelworksequallywell for bothnegligible andhydrostaticpore

pressures.

µmax ���� � � 422m
z z � � 250m

1 ¢ 69 z � � 250m

µmin ���� � � 141m
z z � � 250m

0 ¢ 563 z � � 250m

Do � 0 ¢ 150m (9.11)

9.4 Thrust Fault

In this sectionwe demonstratethat thesesameissuesregardingthe effective normalstressesalsoapply to

inclinedfaultsby consideringa thrustfaultwith adip angleof 35degrees(seesection9.1.2for adescription

of the domain). We imposesheartractionson the fault surfaceat an angleof 105degreesfrom the strike.

Additionally, we createthe samedynamicstressdrop anddistancefrom failure as in scenariossbase.In

contrastto vertical faults, suchas the strike-slip fault that we useabove, on dipping faults the shearand

normal tractionsare coupledduring applicationof horizontalaxial stresses.The groundsurfaceremains

tractionfree,andwe mustapplyshearandnormalstressesactingin thehorizontaldirectionto generatethe

sheartractionson thefault planewith theappropriaterakeangle.
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9.4.1 Uniform Stresseswith a Uniform Friction Model:

Scenariothbase

As with thestrike-slip fault, we begin with uniform effective normalstressesandusea friction modelwith

parametersthatdo not vary with depth.Researchers,suchasMagistraleandDay (1999)andOglesbyet al.

(1998),typically selecttheseuniform distributionsfor simplicity.

Initial Conditions

We createthe 4.0MPa sheartractionsthroughapplicationof axial stressesin the north-southdirectionand

horizontalshearstressesthat mimic the stressesgeneratedthroughplatetectonics.The shearstressesgive

thesheartractionvectorstheappropriaterake angleon thefault plane.This alsogenerateseffective normal

stresseson thefault surfaceof 2.7MPa thataremuchlessthanthe10MPa effective normalstressesthatwe

imposeonthestrike-slipfault. Theshallow dip causestheeffectivenormaltractionsto bemuchlessthanthe

sheartractions,andwe mustusea coefficient of friction greaterthan1.0. Table9.4givestheparametersfor

theslip-weakeningfriction model;we increasethecoefficient of friction by a factorof 3.7 comparedto the

strike-slipcase(scenariossbase).

Parameters Value

µmax 2.2
µmin 0.74
Do 0.15m

Table9.4: Parametersof theslip-weakeningI friction modelfor scenariothbase.

Figure9.17shows the initial shearandnormaltractionsthatwe apply to thefault surface.We taperthe

sheartractionson all four edgesto smothertheruptureasit approachestheedgesof thefault. We placethe

asperityusedto initiate the rupturealongthenorth-southrunningcenterline4.0km from the bottomof the

fault. Thediameterof theasperitymatchestheoneusedin thestrike-slipcases.

Characteristicsof the Earthquake

As demonstratedin figure 9.18, the rupturepropagateswith the sameelliptic shapethat we observe in the

simulationson the strike-slip fault. Theslip follows the directionof the appliedsheartractions,so the slip

directionhasa rake angleof 105degrees.As a result,therupturepropagatesat a speedof 1.8km/secup the

fault but skewed slightly to the west. Comparedto the strike-slip case,the smallerfault andlack of a free

surfacereducesthewidth of therupturefront. Theportionof therupturefront thatcontainslargeslip rates

(wheremostof theslip occurs)remainsaboutthesame.

Figure9.19showsthedistributionof final slip andmaximumslip rateon thefaultsurface.As weexpect,

thefinal slip resemblesthatof auniformstressdropearthquakewith anaverageslip of 0.25m andamoment

magnitudeof 5.8. We find a nearly uniform maximumslip rate over the areawhereslip occurred. The
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Figure9.17:Shearandnormaltractionson thethrustfault for scenariothbase.

Figure9.18:Snapshotsof slip rateon thethrustfault for scenariothbase.
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negligible maximumslip ratesalong the edgesof the fault illustrate that the taperingof the initial shear

tractionat the edgesof the fault smothersthe rupture. Despitethe elliptic shapeof the rupturefront, the

final slip andmaximumslip ratearenearlysymmetricaboutthefault centerlines.We examinevelocity time

historiesin section9.4.2below.

Figure9.19: Distributionsof final slip andmaximumslip rateat eachpoint on the thrustfault for scenario
thbase.

9.4.2 Lithostatic Stresseswith a Variable Friction Model:

Scenariothlitho var

We now considerthe caseof lithostaticeffective normalstresseswith variationsof the parametersof the

coefficientof friction with depth.Becauseweusethesamehomogeneousmaterialpropertiesasin thestrike-

slip case,gravity generatesthe sameeffective normalstresses.With negligible porepressuresthe stresses

dueto gravity dominatethenormalstressesdueto the tectonicloadingappliedashorizontalaxial stresses,

andtheeffective normalstressescloselymatchthoseon thestrike-slip fault in scenariosslithovar. Thus,it

makessenseto usetheparametersof thefriction modelfrom scenariosslithovar.

Initial Conditions

Figure9.20illustratestheeffective normalstressescreatedfrom thesuperpositionof the lithostaticstresses

due to gravity and the normal tractionsdue to plate tectonics. Gravity doesnot contribute to the shear

tractions,so the sheartractionsdo not changefrom scenariothbase.We find muchlargereffective normal

stressesat the top of the thrustfault thanat the top of the strike-slip fault, becausewe bury the thrustfault

5.3km below thegroundsurface.
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Figure9.20:Shearandnormaltractionson thethrustfault for scenariothlithovar.

Characteristicsof the Earthquake

As in thecaseof thestrike-slipfault, we find only minor differencesin thebehavior of therupturebetween

thecaseof uniform effectivenormalstresseswith a uniform coefficientof friction andthecaseof lithostatic

effectivenormalstresseswith a variablecoefficient of friction. Theaverageslip increasesfrom 0.25m (sce-

nario thbase)to 0.30m (scenariothlithovar), but the momentmagnituderemains5.8. Comparingthe final

slip distribution for this scenario(figure9.21)with theonefrom scenariothbase(figure9.19),we noticethat

theslip increasesin thecenterof thefault with almostno changeneartheedges.We alsofind just a small,

generalincreasein themaximumslip rate.

Figure9.21: Distributionsof final slip andmaximumslip rateat eachpoint on the thrustfault for scenario
thlithovar.

We examinethe time historiesat site S1, which sits above the centerof the top edgeof the fault. The
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north-southandverticalcomponentsof thevelocity time historiesshown in figure9.22exhibit similar char-

acteristics.We observea slightly laterinitiation of slip correspondingto thedifferencein therupturespeeds

(1.7km/secfor scenariosslithovar comparedto 1.8km/secfor scenariothbase).In boththenorth-southand

vertical componentsthe amplitudesof the velocity increaseslightly, but the shapesof the pulsesdo not

change.
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Figure9.22: Comparisonof north-southandvertical velocity time historiesat site S1 for the two casesof
effectivenormalstresseson thethrustfault.

9.5 Rupture Behavior with Differ ent Friction Models

We studythechangesin thebehavior of theruptureon thestrike-slipfault to variationsin thefriction model

by replacingthe slip-weakeningI friction modelwith the slip- andrate-weakeningmodelandthe melting-

refreezingmodel. In both caseswe apply normal tractionsequalto the lithostaticpressuresandvary the

coefficientof friction parameterswith depth.We adjusttheparametersin thefriction modelsto createearth-

quakeswith averageslipsthatcloselymatchthe0.52m averageslip of scenariosslithovar.

9.5.1 Slip- and Rate-WeakeningFriction Model: Scenariosscombo

With slip- andrate-weakeningfriction, the friction stressinitially decreasesasslip progresses,but returns

closeto its original level astheslip ratedecreases(seefigure8.8). With there-strengtheningastheslip rate

drops,slip will terminatesoonerthanwhenweusethefriction modelswith only slip-weakeningandthesame

sliding stress.Consequently, we selecta new valuefor the dynamicstressdrop,but we maintainthe same

initial rateof decreaseof thecoefficientof friction with slip distanceasin thebasecase(scenariossbase)in

orderto generateasimilar rupture.We useapost-seismiccoefficientof friction thatis 83%of thecoefficient

of friction at failure. Equation(9.12)givesthe parametersof the friction model that yield an averageslip
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of 0.55m, which is closeto our target valueof 0.52m. With no changein the effective normal tractions

andinitial sheartractionsfrom thosein scenariosslithovar, we usethesamemaximumcoefficientof friction

(µmax). In order to enlarge the dynamicstressdrop, we reducethe minimum coefficient of friction (µmin).

Additionally, maintainingthe sameinitial rate of decreaseof the coefficient of friction with slip distance

involvesadjustingthecharacteristicslip distance.

µmax �£�� � � 250m
z z � � 250m

1 ¢ 00 z � � 250m

µmin �£�� � � 41¥ 7m
z z � � 250m

0 ¢ 167 z � � 250m

µpost �£�� � � 208m
z z � � 250m

0 ¢ 833 z � � 250m

Do � 0 ¢ 188m

Vo � 0 ¢ 133m/sec (9.12)

Characteristicsof the Earthquake

Therupturepropagateswith nearlythesamespeedasin scenariosslithovar(1.9km/seccomparedto1.7km/sec),

but the maximumslip ratesincreasesignificantly. Comparingfigure 9.23with figure 9.15,we seethat the

maximumslip ratesexhibit a nearlyuniform increaseof approximately0.2m/sec. Becausewe attemptto

matchtheaverageslip with scenariosslithovar, we expecta similar final slip distribution. Indeed,we find a

small,nearlyuniform increasein thefinal slip thatcorrespondsto thedifferencein theaverageslips.

Figure9.23:Distributionsof final slip andmaximumslip rateateachpointonthestrike-slipfault for scenario
sscombo.

Figure9.24showsthevelocity timehistoriesatsiteS1for bothscenariosslithovarandscenariosscombo.

The north-south(fault parallel) velocity time historiesconfirm the increasein rupturespeedwith earlier

motion in scenariosscombothan in scenariosslithovar. The terminationof sliding occursmoreabruptly

in scenariosscomboin responseto the shearre-strengthening.The shearwave continuesto dominatethe
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east-west(fault normal)velocity time histories.Thereflectionof theruptureoff thefreesurfacegeneratesa

secondslip eventin thecentralportionof thefault andcausesthenoticeablydifferentshapein theeast-west

componenttowardstheendof thetime history.
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Figure9.24: Comparisonof north-southandverticalvelocity time historiesat site S1 for the threefriction
modelson thestrike-slipfault.

9.5.2 ShearMelting-RefreezingFriction Model:

Scenariossmelt

The shearmelting-refreezingmodel producesthe samegeneralbehavior as the slip- and rate-weakening

friction model(seefigure8.9for a typical trajectoryof thecoefficientof friction in termsof slip distanceand

slip rate).Weagainselecttheparametersto closelymatchtheaverageslip of scenariosslithovar(0.52m). We

apply the effective normaltractionsandinitial sheartractionsfrom scenariosslithovar. We usethe friction

modelparametersgivenby equation(9.13)to produceanaverageslip of 0.51m.

µmax �£�� � � 250m
z z � � 250m

1 ¢ 00 z � � 250m

µmin �£�� � � 45¥ 8m
z z � � 250m

0 ¢ 183 z � � 250m

Do � 0 ¢ 0800m

To � 0 ¢ 650sec (9.13)
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Characteristicsof the Earthquake

Basedon thesimilarity of thefriction modelsandthedynamicstressdrop,we expectto find aboutthesame

increasein themaximumslip ratesfor this scenarioandscenariosscombocomparedto scenariosslithovar,

whereweuseaslip-weakeningfriction model.Themaximumslip ratesshown in figure9.25exhibit approx-

imately a 0.1m/secincreasecomparedto the 0.2m/secincreasefor scenariosscombo.If we comparethe

final slip distribution from this scenariowith that from scenariosslithovar, we find that theslip distribution

shifts slightly towardsthe north. In the shearmelting-refreezingfriction modelthe rateof decreaseof the

coefficient of friction dependson the history of the slip rate. This createsa tendency for relatively larger

valuesof slip to occurin regionswith largervaluesof maximumslip rate.

Figure9.25:Distributionsof final slip andmaximumslip rateateachpointonthestrike-slipfault for scenario
ssmelt.

If we returnto figure9.24,we observesimilar velocity time historiesat siteS1for thescenarioswith the

slip- andrate-weakeningfriction model(scenariosscombo)andtheshearmelting-refreezingfriction model

(scenariossmelt).Thepeakvelocitiesdiffer in proportionto thedifferencein maximumslip rates,whichwe

notedabove. Thereflectionof slip off thegroundsurfacegeneratesa secondslip eventin thecentralportion

of thefaultasit did in scenariosscombo,sowefind thattheeast-west(faultnormal)componentsmatchvery

well towardstheendof thetime history.

9.6 Effect of the FreeSurface

On the strike-slip faults the slip ratesincreasein the vicinity of the free surface. This causesthe rupture

to propagatefasteralongthe free surface. We illustratethe natureof this behavior by studyingthe effects

of ruptureswith differentcurvaturesencounteringthe free surface. Additionally, we subjecta muchlarger

strike-slipfault to similar initial conditionsandexaminethebehavior of therupture.

9.6.1 Slip Rateand HypocenterLocation

In section9.2.1we claim thatthecombinationof thelargeslip ratesandtheinitial high apparentvelocity of

therupturealongthefreesurfaceallowstheruptureto continuepropagatingatafasterspeedalongtheground
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surfacecomparedto the otherportionsof the rupture. We now demonstratethis phenomenonby changing

thedepthof thehypocenter(asperity)in orderto vary theapparentvelocity of theruptureasit hits thefree

surface.We considerthreeasperitylocationsby usingtheresultsfrom scenariosslithovar andselectingtwo

new asperitylocations.

Initial Conditions

Wemaintainthesameinitial conditionsandparametersfrom scenariosslithovar, andchangethedepthof the

asperityasshown in figure9.26.Theparametersof thefriction modelfollow thesamedepthvariations,and

we apply thesameinitial effective normalandsheartractionson the fault surface(seesection9.3.3for the

details).
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Figure9.26: Diagramof startingasperitylocationson thestrike-slip fault. TheasperityHA correspondsto
thehypocenterlocationin figure9.1.

Characteristicsof the Earthquakes

Placingthetopof theasperityat thetopof thefault (hypocenterHB) effectively eliminatesthehighapparent

velocityalongthefreesurface.As shown in figure9.27,themaximumslip ratesbecomenearlyuniformwith

a slight tendency to increaseasthe ruptureprogresses;the large slip ratesnearthe free surfacedisappear.

The absenceof the large slip ratesnearthe surfacepreventsthe rupturefrom propagatingfasteralongthe

freesurface,andtherupturepropagatesat a uniformspeedof 1.9km/sec. Theaverageslip of 0.48m closely

matchesthatof scenariosslithovar, andwe seesomesmall variationsin thedistribution of final slip caused

by theshift in thehypocenter.

HypocenterlocationHC sits roughlyhalfway betweenhypocenterlocationsHA andHB. This createsa

slowerapparentrupturevelocityalongthegroundsurfacewhentherupturehits thegroundsurfacecompared
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Figure9.27:Distributionsof final slip andmaximumslip rateateachpointonthestrike-slipfault for thecase
with hypocenterlocationHB.

to scenariosslithovar. Figure9.28illustratesthatwefind aslight variationin theslip rateswith depth.While

thegeneralshapeof thedistributionmatchesthatof scenariosslithovarwheretherupturespeedandslip rates

do vary with depth,thepeakmaximumslip ratesremainnearthelevel thatwe observewith hypocenterHB.

As weexpectbasedon thelargerslip ratesnearthesurface,therupturepropagatesmarginally fasternearthe

freesurface. Thus,aswe increasetheapparentvelocity of the rupturealongthe freesurface,the slip rates

nearthe groundsurfaceincrease.This allows the portion of the rupturenearthe free surfaceto propagate

fasterthantheportionof theruptureat depth.

Figure9.28:Distributionsof final slip andmaximumslip rateateachpointonthestrike-slipfor thecasewith
hypocenterlocationHC.

9.6.2 Bifur cation of the Rupture on a Long Fault

As notedin the previous sections,the variation of the slip rateswith depthcreatesa similar variation in

the rupturespeedwith depth. In section9.2.1we found that the rupturenearthe surfaceappearsreadyto

overtaketheruptureatdepthjust asthetaperingin theinitial sheartractionsat theedgeof thefault smothers

the rupture. We usethe homogeneoushalf-spacemodelfrom the strike-slip fault in section7.1 to discover

how therupturebehaveswhenwe allow thepropagationto continue.
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Initial Conditions

Weusethesamehomogeneousmaterialpropertiesandapplylithostaticeffectivenormaltractions.Following

the sameprocedureas in scenariosslithovar, we imposenominalsheartractionsof 4.0MPa andtaperthe

sheartractionsat the edgesof the fault. In this case,we placethe asperityusedto initiate the ruptureat a

depthof 8.0km. Figure9.29givesthe distributionsof the normalandsheartractionson the fault surface.

Thefriction modelcorrespondsto theonein scenariosslithovar.

Figure9.29:Shearandnormaltractionson thefault surfaceof thelargehomogeneoushalf-space.

Characteristicsof the Earthquake

Thesnapshotsof slip ratein figure9.30show that therupturebifurcatesastherupturenearthefreesurface

passesthe ruptureat depth. The white ellipsesidentify the leadingedgeof the rupturethat propagatesat

2.2km/sec(67%of theshearwave speedof 3.3km/sec). Whentherupturereflectsoff the freesurface,we

addasecondwhiteellipseat5.5secto coincidewith thereflectedportionof therupture.Wealsoaddapurple

ellipseat the leadingedgeof theportion of the rupturethatpropagatesalongthe free surfaceat a speedof

4.4km/sec. This speedlies betweentheshearwave speedof 3.3km/secandthe dilatationalwave speedof

5.7km/sec. Theruptureat thefreesurfacebeginsto separateat8.5sec,andat 10secwe seetwo distinctslip

eventsat the free surface. We observe substantiallylarger slip rateswherethe two portionsof the rupture

constructively interfere(identifiedby theintersectionof thewhiteandpurpleellipses).In generaltheportion

of therupturetraveling nearthedilatationalwave speedgenerateslargerslip ratesthantheportiontraveling

neartheshearwave speed.Furthermore,asthetwo portionsinteract,thespeedof theportionof therupture

thatpropagatesneartheshearwave speedincreasesto around3.0km/sec. Thewhite ellipseswe overlayon
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theslip ratereflectthis changein rupturespeed.

Figure9.30: Snapshotsof slip rateon thefault surfaceof thelargehomogeneoushalf-space.Thewhite and
purpleellipsesindicatethe leadingedgesof the rupturespropagatingnearthe shearanddilatationalwave
speeds.

This complex rupturecreatesthesmoothdistribution of final slip shown in figure9.31.Theshapeof the

distribution roughlymatchestheoneon thesmallstrike-slipfault from scenariosslithovar. In contrastto the

final slip, themaximumslip rateat eachpoint on thefault surfacereflectsthecomplex natureof therupture.

Thepathof constructive interferencebetweenthetwo portionsof theruptureis clearlyvisiblewith slip rates

roughly0.2m/secgreaterthanthesurroundingregion. We alsoseelargeslip ratesnearthetop of thefault at

thenorthendthatcomefrom thefasterportionof therupture.

Thefasterportionof therupturepropagatesat a speedbetweentheshearwave speedandthedilatational

wavespeed,while theslowerportionpropagatesataspeedslower thantheshearwavespeed.In earthquakes

weobserverupturespropagatingslower thantheshearwavespeed(Heaton1990).However, usingaDugdale

modelof mode-IIcrackpropagation,Burridgeet al. (1979)foundsteadysolutionsfor propagationat speeds

bothslowerthantheRayleighwavespeedandbetweentheshearspeedandthedilatationalwavespeed.Based
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Figure9.31:Distributionsof final slip andmaximumslip rateat eachpoint on thefault surfacefor thelarge
homogeneoushalf-space.

on the variationof the force with the propagationspeed,they concludedthat stablepropagationoccurred

for mode-II crackswith speedsbetween¬ 2 times the shearwave speedand the dilatationalwave speed.

Furthermore,Rosakiset al. (1999) observed crackspropagatingat ¬ 2 times the shearwave speedin a

brittle polyesterresinunderfar-field loading. In our simulationthe fasterportionof the rupturepropagates

at approximately1.3 timestheshearwave speed,or within 6% of ¬ 2 timestheshearwave speed.We will

examinethedynamicshearstrainfrom a doublecoupleto illustratewhy shearrupturesmaypropagateboth

neartheshearwaveandthedilatationalwavespeeds.

We considera vertically orienteddoublecouple(anazimuthof 0 degrees,a dip angleof 90 degrees,and

a rake angleof 0 degrees)in a whole-spaceasshown in figure 9.32. Note that in this particularcaseand

this caseonly, we follow theconventionusedby Heaton(1979),andx3 is positive downwards.We want to

computetheshearstraincorrespondingto purelateralslip, i.e., εrφ usingthesphericalcoordinatesgivenin

figure9.32.Equation(9.14)(Heaton1979)displaysthepertinentdisplacementsin sphericalcoordinatesasa

functionof spaceandtime.

ur � �¡� ¡� β2RR
4πα3  δ � t ® R

α �
R � α

2R2 � 9α3t2

2R4 ¯ R
α � t � R

β

1
8π

3λ ° 5λ
λ ° 2µ

RR
R2 t � R

β

(9.14)
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β2Rφ
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1
4π  µ

λ ° 2µ
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β �
βR ¯ t � R

β

(9.15)
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where

RR � sin2 θsin2φ

Rθ � 1
2

sin2θsin2φ

Rφ � sinθcos2φ (9.16)

x3

x1

uθ

x2

ur

uφ

φ

θ

Figure9.32:Orientationof sphericalcoordinatesrelative to a verticaldoublecouplein awhole-space.

Wewantto computetheshearstrainalongthex1 axis,whichfor averticalstrike-slipfault liesonthefault

in thedirectionof propagation.Usingthedefinitionof εrφ in sphericalcoordinates,

εrφ � 1
2  1

Rsinθ
∂ur

∂φ � ∂uφ

∂R
� ∂uφ

∂R ¯ � (9.17)

andrestrictingthedomainto thex1 axiswhereθ � π
2 andφ � 0, wefind thatequation(9.18)givesthelateral

shearstrainasa functionof spaceandtime,whereδ ³ denotesthederivativeof theDiracdeltafunction.

εrφ ���� � β2

4πα3R2 ± δ � t � R
α � � 2α

R � 3α3t2

R3 ² R
α � t � R

β
1

8πR3 ± 3λ ° 2µ
λ ° 2µ ² � 1

4πβR2 δ � t � R
β � � 1

8πβ2R
δ ³ � t � R

β � t � R
β

(9.18)

We find Dirac deltafunctionsin theshearstrainpropagatingat boththedilatationalandshearwave speeds.

This impliestheshearstrainmaycauseadislocationto propagatenearthedilatationalandshearwavespeeds

in thedirectionof slip on averticalstrike-slipfault.



154

9.7 Discussion

9.7.1 Modeling of Dynamic Failur e

Including the frictional sliding on the fault surfacein the simulationallows the dynamicsof the ruptureto

determinethespeedof the ruptureandtheslip distribution. This preventscombiningphysicallyunrealistic

combinationsof slip rateandrupturespeed,whichis possiblewhenweuseprescribedruptures.Thedynamic

rupturesalsoillustratethe dependenceof the rupturespeedon the directionof propagation.Including this

effect in prescribedrupturesonstrike-slipfaultsfaultswill leadto minimalchangesin behavior, but theeffect

becomesmoredramaticon thrustfaults,which we will demonstratein chapter10. Additionally, theuseof

the slip degreesof freedomto modelthe dislocationacrossthe fault surfaceallows simulatingearthquakes

with dynamicfailure on any arbitrarily orientedfault plane. We find only small differencesin the rupture

behavior whenwe usetheslip-weakeningfriction modelandincreasetheresolutionof themeshby a factor

of two from thesizebasedonthewavepropagation.Therefore,with appropriateselectionof thefailurestress

andfractureenergy, we maybasethediscretizationsizeonaccuratemodelingof thewave propagation.

9.7.2 Effective Normal Stresses

In orderto createrealisticruptureswith effectivenormalstressesthatincreasewith depth,theabsolutechange

in the coefficient of friction during slip mustdecreasewith depth. We assumea nearlyuniform minimum

sliding stresswith depth,which impliesa uniform relative variationof thecoefficient of friction with depth.

This generatesruptureswith behaviors that closely matchthoseproducedby assuminguniform effective

normalstressesandno variationsin thefriction modelparameterswith depth.In otherwords,with realistic

initial conditions(effectivenormalstressesthatincreasewith depth)wecanproduceruptureswith behaviors

similar to thosewith unrealisticinitial conditions(uniformeffectivenormalstresses).This mayexplainwhy

researchers,suchasOlsenetal.(1997)andBen-ZionandAndrews(1998),whouseuniformeffectivenormal

stressesareableto createruptureswith realisticbehavior.

Thestrongestsupportfor theincreasein theeffectivenormalstresswith depthcomesfrom theexamina-

tion of inclinedfaults. Thetectonicstressesgeneratebothshearandnormalstresseson thefault surface.If

weassumeporepressuresnearthelithostaticstresses,thenthedominantcontributionof theeffectivenormal

stressescomesfrom thetectonicstresses.For our thrustfaultwith a dip angleof 35 degrees,this impliesthe

effective normalstressesarelessthan3MPa. Furthermore,aswe decreasethe dip angleof the fault from

90 degreesandkeepthe sheartractionsconstant,the effective normalstressesgo to zero. To maintainthe

samefailurestresseswe mustscalethecoefficient of friction parametersaccordingly. For example,in order

to usethefriction modelfrom thestrike-slipfault on thethrustfault,we scalethecoefficientof friction by a

factorof 3.7.

On theotherhand,assumingnegligible porepressures(theargumentappliesequallywell for hydrostatic
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porepressures)generateseffectivenormalstressesthatincreasewith depthanddominatethenormalstresses

createdby the tectonicstresses.Consequently, changingthe dip angleof the fault while keepingthe shear

tractionsconstantcausesalmostno variationsin the effective normalstresses.We do not needto alter the

parametersin thefriction modelto keepthefailurestressesthesame.Hence,we mayusethesamefriction

modelon both strike-slip andthe thrust faults. It seemsmuchmorerealistic to be ableto apply a friction

modelto any arbitrarily orientedfault plane,thanto have to scaletheparametersfor every changein thedip

angleof thefault. Thus,thesimulationsonthestrike-slipfaultandthrustfaultconfirmthatit is morerealistic

to assumethattheeffectivenormalstressesincreasewith depththanremainuniform.

9.7.3 Friction Models

Thefractureenergy playsacritical role in thebehavior of therupture.Wecontrolthefractureenergy through

the rate of decreasein the coefficient of friction at the onsetof sliding. When we allow the coefficient

of friction to decreaseinstantaneouslyfrom the static value to a dynamicvalue in the two-phasefriction

model,the rupturepropagatesnearthe dilatationalwave speed.Thesharpinitiation of slip alsointroduces

high frequenciesin the solutionand the meshresolutionis too coarseto accuratelycapturethe behavior.

We adjustthe fractureenergy to manipulatethe maximumslip rateandrupturespeed.As we increasethe

fractureenergy, themaximumslip ratesandrupturespeeddecrease;continuingto increasethefractureenergy

ultimatelyleadsto rupturesthatfail to propagate.

The rupturesexhibit the samegeneralbehavior for the slip-weakening,slip- and rate-weakening,and

shearmelting-refreezingfriction models.Theslip-weakeningfriction modeldoesnotallow there-strengthening

of theshearstresson thefault astheslip ratesdecreasethatwe find in theslip- andrate-weakeningandthe

shearmelting-refreezingfriction models. For ruptureswith the sameaverageslip, we mustuselarger dy-

namicstressdropswith theslip- andrate-weakeningandshearmelting-refreezingfriction modelsto generate

the sameslip. Consequently, the maximumslip ratesincreaseslightly comparedto whenwe usethe slip-

weakeningfriction model. Thecoefficient of friction in theshearmelting-refreezingmodeldependson the

history of the slip rate,while both the slip-weakeningandslip- andrate-weakeningmodelsarepathinde-

pendent.At locationson the fault with relatively largerslip rates,this createslargerslips in thesimulation

with the shearmelting-refreezingmodel than in the simulationwith the slip- and rate-weakening friction

model. For comparableaverageslip distributions the groundmotionsassociatedwith the friction models

with shearre-strengtheningshow excellentagreementandexhibit slightly greatermaximumvelocitiesthan

thoseassociatedwith theslip-weakeningfriction model.

9.7.4 Effect of FreeSurface

Whentherupturehits the freesurface,it encountersa reducedresistanceto slip. In many casestherupture

will reflectoff thefreesurfaceandgenerateadditionalslip on theportionof thefault below thefreesurface.
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As we move thehypocenterto greaterdepths,the rupturehits thegroundsurfacewith lesscurvature.This

causesa longerportionof therupturefront to arriveat thefreesurfacein ashorterperiodof timeandcreates

a high apparentvelocity alongthegroundsurface.Consequently, theslip ratesincreaseandtherupturemay

sustaina super-shearpropagationspeedalongthe surface. On a long fault this leadsto bifurcationof the

ruptureinto a portionpropagatingnearthedilatationalwave speedanda portionpropagatingneartheshear

wave speed. While the portion propagatingnearthe dilatationalwave speedappearsfeasible,we do not

observe suchphenomenonfor realearthquakes.Therealearthincludesvariationsin thematerialproperties

with depthwhich thesemodelsdonot. Thiscouldexplainwhy wedonotobserverupturespropagatingfaster

thantheshearwavespeedin therealearth.
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Chapter 10 Dynamic Failur e in a LayeredHalf-Space

Armed with our knowledgeof how to createrelatively realistic ruptureswith dynamicfailure on faults in

a homogeneoushalf-space,we studydynamicfailure on faults in a layeredhalf-space.We usethe finite-

elementmodelsof thestrike-slipandthrustfault domainsfrom theprescribedrupturesimulationsdiscussed

in chapter7. We focuson creatingrupturesin the layeredhalf-spacethat generallymatchthe prescribed

ruptures.Additionally, we examinethesensitivity of thegroundmotion to variationsin the initial tractions

andthefriction modelsandidentify thecharacteristicsof thedynamicrupturesthatdiffer from ourprescribed

ruptures.

10.1 Strik e-Slip Fault

Section7.1 givesa completedescriptionof the geometryof the domainand the strike-slip fault. Instead

of usingthe inertial bisectionmethodto partition the meshes,for improvedperformancewe switch to the

METIS library (seesection3.2 for a discussionof bothmethods).The improvedloadbalancingamongthe

processorsreducestheexecutiontime without alteringthesolutions.Figure10.1illustratesthepartitioning

of thecoarsemeshamong16 processors.Eachsimulationtook 5.6hoursusing16 processorsof theHewlett

PackardExemplarat theCACR.

Figure10.1: Partitioningof the coarsefinite-elementmodelamongsixteenprocessorsfor the layeredhalf-
spaceusingtheMETIS library. Eachcolorpatchidentifiestheelementsof oneprocessor.
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10.1.1 Earthquake SourceParameters

Wefollow thesameproceduresthatweusefor thedynamicfailuresimulationsin thehomogeneoushalf-space

(seesection9.3.3)to determinetheinitial shearandnormaltractionson thefault surface.For eachscenario

we assumethat the porepressuresarenegligible andapply lithostaticeffective normaltractions. We want

to comparethegroundmotionsfrom thesesimulations,which usedynamicfailure,to theonesin chapter7,

which useprescribedruptures,sowe aim for an averageslip of 2.0m. The distribution of the initial shear

tractionswith depthdependson whetherwe assumeuniform tectonicstressesor uniform tectonicstrains.

Additionally, usingtheslip- andrate-weakeningfriction modelor themelting-refreezingfriction model,as

opposedto the slip-weakeningfriction model, requiresa larger dynamicstressdrop to generatethe same

averageslip. Thus,we will discussthe detailsof the sheartractionson the fault surfaceon a caseby case

basis.

10.1.2 Uniform StressVersusUniform Strain

We continueto generatetheinitial stressdistribution on thefault basedon intuition andsomedegreeof trial

anderror. With thevariationsin thematerialpropertieswith depthin thelayeredhalf-space,uniformtectonic

stressescreateasubstantiallydifferentdistributionof sheartractionsonthefaultthanuniformtectonicstrains.

We evaluatebothcasesto determinewhich generatesamorerealisticrupture.

Uniform Stress:Scenariounistress

Weneedto determinethenominalinitial sheartractionsonthefaultsurface.Equation(9.1)givestheapprox-

imateaveragestressdrop for a strike-slip fault in a homogeneousPoissonianhalf-space.Below a depthof

6.0km, thematerialpropertieson thefault surfacearenearlyuniform, sowe usetheshearmodulusfrom a

depthof 6.0km in equation(9.1). Applying this equationwith anaverageslip of 2.0m andour fault dimen-

sionsyieldsanaveragestressdropof 2.5MPa. Therecovery of thecoefficient of friction upontermination

of sliding meansthat the dynamicstressdrop will exceedthe averagestressdrop. Consequently, basedon

a testsimulationwith thehomogeneoushalf-space,we imposea maximumdynamicstressdropof 4.5MPa.

We assumethatsomeresidualshearstressesremainon thefault aftertheearthquake,sowe imposeaninitial

shearstressof 6.0MPa. At the lateraledgesof the fault, we taperthe initial sheartractionsto smotherthe

rupture. Figure10.2givesthe initial shearandnormaltractionsthatwe apply to the fault surface. For this

scenariotheasperitythatinitiatestherupturehasaradiusof 1.8km andsits8.0km below thegroundsurface

and14km northof thesouthendof thefault. In orderto preventtheeffective normalstressfrom vanishing

at thegroundsurface,we applyuniformaxial stressesof 2.0MPa in theeast-westdirection.

We settheparametersof theslip-weakeningfriction modelbasedon our knowledgeof creatingrealistic

rupturesin a homogeneoushalf-space.We assumethat therelative changein thecoefficient of friction asa

functionof slip, i.e.,therelativedifferencebetweenµmaxandµmin, doesnotvarywith depth.In thestrike-slip
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Figure10.2:Shearandnormaltractionson thestrike-slipfault for scenariounistress.

simulationswith thehomogeneoushalf-space,outsidetheasperitythatstartsthe rupture,we usea distance

from failureequalto themaximumdynamicstressdrop(seesection9.2.1).Applying thesamestrategy here

givesnominalfailurestressesof 10.5MPa.

With thevariationsof thematerialpropertieswith depth,we cannotmatchthedistancefrom failureover

theentiredepthof thefault. As a result,we chooseto match(in anaveragesense)thedistancefrom failure

over the depthrangeof 6.0km to 15.0km, wherethe materialpropertiesremainrelatively uniform. We

determinetheparametersin thefriction modelbasedon our selectionsof themaximumdynamicstressdrop

andthe distancefrom failure. Equation(10.1)givesthe functional forms of the parametersin the friction

modelandfigure10.3shows theparametersof theslip-weakeningfriction modelasa functionof depth.We

clip thevaluesaboveadepthof 1.0km to preventthevaluesfrom approachinginfinity at thegroundsurface.

In orderfor the fractureenergy to remainnearlyuniform, we modify the characteristicslip distancein the

softermaterialnearthegroundsurfacefrom its uniformvalueat depth.We denotethis friction modelby the

labellitholayeruf.
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µmax ´ �� � 0 ¢ 499 z �|µ 1 ¢ 0kmµ 0 ¥ 499m
z z �|µ 1 ¢ 0km

µmin ´ �� � 0 ¢ 0713 z �|µ 1 ¢ 0kmµ 0 ¥ 0713m
z z �|µ 1 ¢ 0km

Do ´ �� � 0 ¢ 227m ¶ 1 ¢ 86 · 10® 5 z z �|µ 6 ¢ 0km

0 ¢ 338m z �|µ 6 ¢ 0km
(10.1)
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Figure10.3:Parametersof theslip-weakeningI friction model,litholayeruf,asa functionof depth.

Figure10.4givestheinitial shearstresses,theshearstressesat failure,andtheminimumsliding stresses

asa functionof dip on thefault. Theminimumsliding stressesexhibit very little variationwith depthexcept

in the top 1.0km wherewe clip the parametersin the friction model. The figure displaysthe initial shear

stressesthroughthecenterof theasperitythat initiatestherupture.Outsidetheasperityandaway from the

edgesof the fault, we applyuniform initial shearstresses.Thedecreasein densitynearthegroundsurface

causesthe effective normalstressesto decreaserapidly approachingthegroundsurface. Consequently, the

failurestressesdecreaseasdoesthedistancefrom failure.

Thereduceddistancefrom failurein thesoftermaterialin thetop6.0km of thedomainallowstherupture

to propagateat 4.9km/sec.Therupturebifurcatestowardstheendof therupture,but not to thesamedegree

that we found in the homogeneoushalf-space(seesection9.6.2). Additionally, the reduceddistancefrom

failureleadsto final slips(figure10.5)exceeding6.0m overmuchof thetopfivekilometersof thefaultwith

a maximumfinal slip of over11m. We alsofind maximumslip ratesgreaterthan3.0m/secin thetop two to

threekilometersof the fault with a peakmaximumslip rateof 11m/sec.Thedistribution of themaximum

slip ratein figure10.5displaysrelatively largervaluesalongthepathof constructive interferenceof thetwo

portionsof therupture.Wefind thissameinterferencein thelargehomogeneoushalf-space(seefigure9.31).
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Figure10.4: Initial, failure, andminimum sliding shearstressesthroughthe centerof the asperityon the
strike-slipfault asa functionof dip for scenariounistress.

Figure10.5:Distributionsof final slip andmaximumslip rateateachpointonthestrike-slipfault for scenario
unistress.

Uniform Strain: Scenariounistrain

In scenariounistrainwedeterminethenominalinitial sheartractionsonthefaultsurfacebasedonapplication

of uniform tectonicshearstrains.We selectshearstrainsthatproducethedesiredsheartractionsof approxi-

mately6.0MPabelow adepthof 6.0km wherethematerialpropertiesarenearlyuniform. In orderto prevent

the effective normalstressfrom vanishingat the groundsurface,we alsoapplyuniform axial strainsin the

east-westdirection.Equation(10.2)givesthestrainfield usedto generatetheshearandnormaltractionsthat

we applyon thefault surface(figure10.6).
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εxx ´ µ 2 ¢ 93 · 10® 5

εyy ´ εzz ´ 7 ¢ 25 · 10® 6

εxy ´ 1 ¢ 10 · 10® 4

εyz ´ εxz ´ 0 (10.2)

Figure10.6:Shearandnormaltractionson thestrike-slipfault for scenariounistrain.

We continueto usethe litholayeruf friction modelfrom scenariounistress.Figure10.7shows that this

leadsto thesamerelatively uniform distribution of sliding stresseswith depthasthosein scenariounistress.

Theinitial shearstressesreflectthedecreasein theshearmodulusin thesoftermaterialin thetop6.0km of the

domain.In contrastto thevariationsof theshearstressesat failurein scenariounistress,theshearstressesat

failurein scenariounistraindecreasegraduallyfrom thebottomof thefaultupto adepthof 1.0km, wherewe

clip thecoefficientof friction parameters.Two of theundesirablefeaturesof scenariounistress(figure10.4)

that we successfullyeliminatein scenariounistrain(figure 10.7) include: the uniform maximumdynamic

stressdropandthedecreasein thedistancefrom failurein thesoftermaterialnearthetop of thefault.

Therupturepropagatesacrossthefaultwith anearlyuniformspeedof 2.9km/sec. Thedistributionof the

final slip in figure10.8exhibits little variation;we find theusualtaperingat theedgesof thefault andonly a

smallpeaklocatedwheretheasperityinitiatedtherupture.Themaximumslip rateshowsaslight tendency to

increaseastherupturepropagates,whichallowstheruptureto penetrateinto progressively shallowerdepths.

Thelargedistancefrom failureatshallow depthspreventstherupturefrom reachingthetop of thefault.
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Figure10.7: Initial, failure, andminimum sliding shearstressesthroughthe centerof the asperityon the
strike-slipfault asa functionof dip for scenariounistrain.

Figure10.8:Distributionsof final slip andmaximumslip rateateachpointonthestrike-slipfault for scenario
unistrain.

Comparingthe characteristicsof this scenario(unistrain)with thosefrom scenariounistress,wherewe

applyauniformstress,wefind thatthis ruptureappearsmorerealistic.Theexcessivefinal slip andmaximum

slip ratesnearthe surfacedisappear, creatingrelatively uniform distributions of final slip and maximum

slip rate. Additionally, the rupturepropagatesat 88% of the local shearwave speed.The rupturedoesnot

propagateto thegroundsurface,andwe considerthis theonly prominentfeatureof thescenariothatseems

unrealistic.
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10.1.3 Variation of Friction Parameterswith Material Properties

Theparametersin thelitholayeruffriction modeldonotchangewith thevariationsin thematerialproperties;

they changeonly with depth. Basedon the inability of the ruptureto reachthe groundsurfacein scenario

unistrain,it seemslogical to maketheparametersin thefriction modelafunctionof thematerialpropertiesas

well asdepth.Wewantto createarelativelyuniformslip distributionwith depthwherethematerialproperties

changewith depth,andtheeffectivenormalstressesincreasewith depth.

Thechangein stressat apoint on thefault variesproportionallywith theshearmodulusandtheslip,

∆σ ´ C1µD ¢ (10.3)

Thechangein stressis alsothedifferencebetweenthe initial shearstress,σ0, andthefinal shearstress,σ1.

We assumethatwederive theinitial shearstressfrom a uniformstrainfield, whichgives

σ0 ´ C2µ ¢ (10.4)

For thefinal shearstress,we usetheminimumsliding shearstress,

σ1 ´ µminσn ¢ (10.5)

Combiningtheseequations,substitutingin theexpressionfor theshearmodulus(µ ´ ρβ2), andsolvingfor

theminimumcoefficientyields

µmin ´¹¸ C1D µ C2 º ρβ2

σn
¢ (10.6)

We now considerfour casesof how the massdensity, shearwave speed,andnormalstressvary with

depth.

1. If themassdensity, shearwave speed,andnormalstressareall uniform with depth,thenfor uniform

slip we want a uniform minimum coefficient of friction. This coincideswith the simplistic caseof

uniformnormalstressin thehomogeneoushalf-spacethatweexaminedin chapter9.

2. If themassdensityandshearwave speedareuniformwith depth,andthenormalstressvarieslinearly

with depth(dueto theoverburdenpressure),thenwewantaminimumcoefficientof friction thatvaries

inverselywith depth. This matchesthe reasoningthat we useto derive the depthdependenceof the

coefficientof friction for thehomogeneoushalf-spacein chapter9.

3. If themassdensityis uniform,andtheshearwavespeedandnormalstressincreaselinearlywith depth,

thenwe want a minimum coefficient of friction that varieslinearly with depth. This correspondsto

a layeredhalf-spacewheretheshearwave speedis proportionalto the depth,but the massdensityis



165

relatively uniformwith depth.

4. If themassdensityandshearwavespeedvary linearlywith depth,andthenormalstressvarieswith the

depthsquared,thenwe againwanttheminimumcoefficientof friction to vary linearly with thedepth.

This correspondsto a layeredhalf-spacewhereboth the shearwave speedandthe massdensityare

proportionalto thedepth.

Our layeredhalf-spacefollowsneitherof thelasttwo cases.Nearthesurfaceit roughlymatchesthelast

case,but thematerialpropertiesbecomerelativelyuniformbelow adepthof 6.0km. Becausethemassdensity

andshearwave speeddo not vanishat thegroundsurface,they actuallyvary slower thanthatpredictedby a

simpleproportionality. As a result,wefind thatwe achievea desirabledistributionof slip (aspredictedfrom

equation(10.6))by makingthecoefficientof friction proportionalto eithertheratio of thesquareroot of the

shearmodulusto thedepthor theratioof theshearwavespeedto thedepth.

Figure10.9givesthe normalizedslip distribution predictedby equation(10.7)for threedifferentvaria-

tionsof thecoefficientof friction: thecoefficientof friction dependsontheinverseof thedepth,thecoefficient

of friction dependson the ratio of the squareroot of the shearmodulusto the depth,andthe coefficient of

friction dependson theratioof theshearwave speedto thedepth.We usetheeffectivenormalstressesfrom

scenariounistrainandselectvaluesof C1 andC2 to createnormalizedslipsbetweenapproximately-1 and1.

D ´ 1
C1

 C2 ¶ µminσn

µ ¯ (10.7)

Thenegativeslip valuesindicatethatslip at thatdepthleadsto a local increasein theshearstressonthefault.

Smallernormalizedslips indicatea reducedpreferencefor slip to occur. We seethatvaryingthecoefficient

of friction inverselywith thedepthtendsto retardslip nearthesurface,whichmatchesourobservationsfrom

scenariounistrain.Addingdependenceonthesquarerootof theshearmodulusor theshearwavespeedshifts

thepreferencein slip towardsa moreuniformdistributionwith depth.

Wechooseto varythecoefficientof friction with thequotientof thesquarerootof theshearmodulusand

the depth,becausebasedon equation(10.7) it givesthe mostuniform distribution of normalizedslip with

depth.We applythedependenceon thesquarerootof theshearmodulusto thecharacteristicslip distanceto

createa relatively uniform fractureenergy. Equation(10.8)givesthe functionalformsof theparametersin

thefriction model,andfigure10.10displaysthevariationsof theparametersin thefriction modelwith depth

in thelayeredhalf-space.We denotethis friction modelby thelabellitholayeruf2.
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Figure10.9:Normalizedslip with depthfor threedifferentvariationsof thecoefficientof friction with depth
andmaterialproperties.

µmax ´ �¡� ¡� 0 ¢ 164 z �|µ 1 ¢ 0kmµ 3 ¢ 02 · 10® 3 ± m3 sec2
kg ² 1

2 » µ
z z �|µ 1 ¢ 0km

µmin ´ �¡� ¡� 0 ¢ 0235 z �|µ 1 ¢ 0kmµ 4 ¢ 31 · 10® 4 ± m3 sec2
kg ² 1

2 » µ
z z �|µ 1 ¢ 0km

Do ´ �¡� ¡� 0 ¢ 111m z �|µ 1 ¢ 0kmµ 2 ¢ 04 · 10® 6 ± m3 sec2
kg ² 1

2 ¬ µ z �|µ 1 ¢ 0km
(10.8)

We apply the initial shearandnormaltractionsfrom scenariounistrain. This givesthe distributionsof

the initial, failure, andsliding stressesshown in figure 10.11on the vertical line throughthe centerof the

asperity. Theshapesof theshearstressesat failureandtheminimumsliding stressesmorecloselymatchthe

shapesof the initial shearstressescomparedto thosefrom scenariosunistressandunistrain.At eachdepth

themaximumdynamicstressdropgenerallymatchesthedistancefrom failure.Ourhomogeneoushalf-space

simulationswith dynamicfailure that producerealistic rupturescontainthis precisefeature. Additionally,

thedynamicstressdropcloselyfollows thevariationsof theshearmodulusthat increaseslinearly in thetop

6.0km andis nearlyuniform below 6.0km.

Thesnapshotsof slip rateon thefaultsurfacein figure10.12show thattherupturepropagatesall theway

to thegroundsurface.Beforetherupturehits thegroundsurface,therupturepropagatesat about2.5km/sec,

andafter hitting the groundsurfacethe rupturemaintainsa speedof 3.0km/secat a depthof 6.0km. We

attributethechangein therupturespeedto theincreasein themaximumslip ratesastheruptureapproaches
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Figure10.10:Parametersof theslip-weakeningI friction model,litholayeruf2,asa functionof depthin the
layeredhalf-space.
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Figure10.11: Initial, failure, andminimum sliding shearstressesthroughthe centerof the asperityon the
strike-slipfault asa functionof dip for scenariounistrain2.

thegroundsurfaceandencountersareductionin thestiffness.Therupturereflectsoff thegroundsurface,but

thissecondslip eventsoondisappears.As in scenariounistrain,therupturedoesnotbifurcateandpropagates

slower thanthe local shearwave speed.Theaverageslip of 1.9m nearlymatchesour targetvalueof 2.0m

from theprescribedruptures.Themomentmagnitudeof theeventis 6.9.We computeanaveragestressdrop

of 1.4MPa which falls shortof the 2.5MPa averagestressdrop predictedby equation(9.1). The presence

of the softermaterialin the top 6.0km of the domainreducesthe averagestressdrop relative to the same

averageslip in a homogeneoushalf-space.This causesa deviation in the relationshipbetweenthe average

stressdropandtheproductof theshearmodulusandtheaverageslip from theonegivenby equation(9.1),

which appliesto homogeneousPoissonianhalf-spaces.

Figure10.13shows the distributionsof the final slip andmaximumslip rateon the fault surface. The
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Figure10.12:Snapshotsof slip rateon thestrike-slipfault for scenariounistrain2.

region wherethe final slip exceeds3.0m coincideswith the locationsthat aresubjectedto the secondslip

event associatedwith the reflectionof the ruptureoff the groundsurface. This appearsto distort the final

slip from a moreuniform distribution. The distribution of the maximumslip ratedisplaysthe featuresthat

we expectbasedon the snapshotsof slip rate. We find the maximumslip ratesnearthe surfaceareabout

0.5m/secgreaterthanthemaximumslip ratesat depth.Thetendency for themaximumslip rateto increase

astherupturepropagatescausesthis regionof largerslip ratesat thesurfaceto progressively increasein size.

Theincreasesin theslip ratesaresmall,andthemaximumslip ratesincreaseby lessthan0.25m/secover a

distanceof 25km.

We now evaluatethe level of the shearstresseson the fault during sliding. Recall that by appropriate

scalingof theinitial, failure,andslidingshearstresses(seesection8.1.2),wemaychangetheslidingstresses

without any changesin therupturebehavior. This meanstheobservedrupturebehavior andgroundmotions

do not constrainthe sliding stresses.However, usingequation(4.10)we may computethe changein tem-

peratureat eachpoint on thefault. Few faultscontainglassymaterialthatwould indicatefrictional melting
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Figure 10.13: Distributions of final slip and maximumslip rate at eachpoint on the strike-slip fault for
scenariounistrain2.

(Kanamorietal.1998).This impliesthatthechangein temperatureonthefaultduringsliding remainsbelow

thelevel thatwould causecausemelting. If we assumethatchangesin temperatureon theorderof 1000de-

greesKelvin causemelting, thenwe want our sliding stressesto yield estimatedtemperaturechangesless

than1000degreesKelvin.

Following Kanamoriet al. (1998)we assumea heatcapacityperunit massof 1000J/(kg-¤ K) andcon-

finementof theheatto a region thatextends5.0mm perpendicularto the fault. If theslip occursacrossan

infinitesimallythin zone,thentheheatis confinedto thethermalpenetrationdepthgivenby d ´ ¬ kτd, where

k is the thermaldiffusivity andτd is the time scaleof the slip. Assumingthat k ´ 1 ¢ 35 · 10® 6m/sec2 and

choosingτd ´ 5secgivesd ´ 2 ¢ 6mm. If the slip is distributedover a wider zone,thend may be larger.

Consequently, we moderatethe valueof d given by the thermalpenetrationdepthandchoosea valueof

d ´ 5 ¢ 0mm. As shown in figure10.14,at mostlocationsthetemperatureincreases300–400degreesKelvin.

Weobservesmallerchangesin temperaturenearthetopof thefaultbecausetheminimumslidingstressesare

smaller. Below a depthof 6.0km thesliding stressesvary little, sobelow thatdepththechangein tempera-

turecloselyresemblesthedistribution of final slip. Thus,our sliding stressesseemconsistentwith the lack

of meltingobservedin fault zonematerials.

The distributions of the maximumhorizontaldisplacementsand velocitiesclearly show the effect of

directivity thatweobservein theprescribedruptures.In figure10.15boththemaximumhorizontaldisplace-

mentsandvelocitiesincreasealongthestrike of the fault away from theepicenteruntil theendof the fault

wherethey begin to decay. Themaximumdisplacementsexceed1.0m over anareaof approximately1200

squarekilometerswith a peakvalueof 3.0m. The maximumvelocitiesexceed1.0m/secover an areaof
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Figure10.14:Final changein temperatureat eachpointon thestrike-slipfault for scenariounistrain2.

approximately550squarekilometerswith a peakvalueof 3.5m/sec. Themaximumdisplacementsexhibit

thegradualdecayaway from thefault thatwe foundin theprescribedruptures,while thedistribution of the

maximumvelocitiesfits thefamiliar teardropshape,but with a morerapiddecay.

Figure10.15: Maximum magnitudesof the horizontaldisplacementandvelocity vectorsat eachpoint on
thegroundsurfacefor scenariounistrain2.Thewhite line indicatestheprojectionof thefault planeontothe
groundsurface,andthepurplecircle identifiestheepicenter.

We now examinethedisplacementandvelocity timehistories1 atsiteS1,which is locatedon theground

surface10km northof thenorthtip of thefault,andat siteS2,which is locatedon thegroundsurface10km

eastof thecenterof thefault (seefigure7.1for adiagramof thelocationsof thetwo sites).SiteS1liesonthe
1As in chapter7, we low-passfilter all displacementandvelocity time historiesusinga fourth-orderButterworth filter with acorner

frequency of 0.5Hz.
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nodalline for motionin boththenorth-southandverticaldirections,sowe observe motiononly in theeast-

west(fault normal)directionin figure10.16. We seea sharparrival of theshearwave with a peakvelocity

of 1.3m/secfollowedby a train of surfacewaveswith progressively smalleramplitudes.At siteS2thepeak

displacementin thenorth-south(faultparallel)directionexceedsthepeakdisplacementin theeast-west(fault

normal)directionby 34%,but thepeakvelocitiesin thetwo directionsarenearlyequal(0.26m/seccompared

to 0.25m/sec).Thesegeneralfeaturesareconsistentwith thegroundmotionsfrom theprescribedruptures.
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Figure10.16:Displacementandvelocity timehistoriesat sitesS1andS2for scenariounistrain2.

We find thatuniform tectonicstrainsanda friction modelwith parametersthatvaryasa functionof both

depthandshearmodulusproducea realistic rupture. We observe reasonablevaluesfor the rupturespeed

andthe maximumslip rate,andthe groundmotionsexhibit the directivity that we expect. The horizontal

velocitiesnearthe north endof the fault that exceed3.0m/secappearexcessive andmay be attributed to

the rapid slip ratesnearthe surface. However, theseexcessive valuesare isolatedto the siteswithin one

kilometerof thefault. Usinga uniform characteristicslip distanceof 0.338m in thefriction model(scenario

unichardist)producesnegligible changesin thebehavior of the ruptureandthegroundmotions.Moreover,

changingthedependenceof thecoefficientof friction from thesquareroot of theshearmodulusto theshear

wave speed(scenarioshearspeed)alsoyields nearly identicalbehavior. Becausescenariosunistrain2and

unichardistgeneraterealisticrupturebehavior andgroundmotions,we will usethesetwo scenariosasbase

casesfor a sensitivity study.
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10.1.4 Sensitivity Study

We conducta secondsensitivity studyof the long-periodnear-sourcegroundmotions,but in this casewe

focuson determininghow thegroundmotionsandrupturebehavior changeaswe vary theinitial conditions

andparametersof the friction model. We systematicallyvary the type of friction model, the depthof the

top of thefault, thehypocenterlocation,andthedegreeof heterogeneityin the initial shearstressesandthe

parametersof thefriction model.Table10.1summarizesthegeneralinitial conditionsandparametersfor the

scenariosin thesensitivity study, andtable10.2givessomeof thefeaturesof therupturesfor thescenarios.

We discussthescenariosin thefollowing sections.

Scenario Initial Tractions Friction Type

unistress uniformstress slip-weakening
unistrain uniformstrain slip-weakening
unistrain2 sameasunistrain slip-weakening
unichardist sameasunistrain slip-weakening
shearspeed sameasunistrain slip-weakening
comboB uniformstrain slip- andrate-weakening
meltC sameascomboB melting-refreezing

fault4km uniformstrain sameasunichardist
hymc uniformstrain sameasunistrain2

shearweak weaklyheter. strain sameasunistrain2
shearstrong stronglyheter. strain sameasunistrain2
meltstrong stronglyheter. strain sameasmeltC

frictionweak sameasunistrain2 weaklyheter. slip-weakening
frictionstrong sameasunistrain2 stronglyheter. slip-weakening

Table10.1: Summaryof the initial tractionsandthe friction modeltype for eachscenarioin thesensitivity
studywith thestrike-slipfault. Whenscenariosshareexactlythesameparameters,wenotethecommonbond
in thelatterscenarios.

Friction Model

We studythesensitivity of thegroundmotionsto thefriction modelusingtheslip-weakeningfriction model

(scenariounichardist),theslip- andrate-weakeningfriction model(scenariocomboB),andtheshearmelting-

refreezingfriction model(scenariomeltC).The minimum sliding stressesremainthe sameacrossall three

scenarios,but we increasethemaximumdynamicstressdropby a factorof 1.44for scenarioscomboBand

meltC.As discussedin section9.5,thefriction modelswith shearre-strengtheningrequireagreaterdynamic

stressdrop to generatethe sameslip asthe slip-weakeningfriction model. We alsoscalethe coefficient of

friction at failurein orderto maintainadistancefrom failurethatmatchesthemaximumdynamicstressdrop.

Equation(10.9) givesthe functional forms of the parametersin the friction modelsfor scenarioscomboB

andmeltC.Figure10.17givestheinitial shearstresses,theshearstressesat failure,andtheminimumsliding

shearstressesover thedepthof thefault. RecallthatVo denotestheslip rateat which shearre-strengthening

occursin the slip- andrate-weakeningfriction model,andτo variesinverselywith the rateat which areas
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Scenario Average Max. AverageMax. Max. Moment Average
Slip Slip Slip Rate Slip Rate Magnitude StressDrop
(m) (m) (m/sec) (m/sec) (MPa)

unistress 3.8 11 1.8 11 7.1 1.9
unistrain 1.2 2.3 0.89 1.4 6.8 1.6
unistrain2 1.9 3.5 1.2 3.9 6.9 1.4
unichardist 1.9 3.6 1.2 4.1 6.9 1.4
shearspeed 1.8 3.5 1.2 4.0 6.9 1.4
comboB 1.4 2.4 1.4 4.4 6.8 1.2
meltC 1.5 3.1 1.5 5.2 6.8 1.5

fault4km 1.5 2.8 1.0 1.6 7.0 2.3
hymc 2.0 3.6 1.2 3.7 6.9 1.5

shearweak 2.3 4.4 1.2 4.2 7.0 1.8
shearstrong 1.9 3.8 1.1 5.7 6.9 1.3
meltstrong 1.7 3.8 1.5 7.4 6.9 1.4

frictionweak 1.9 3.6 1.2 4.2 6.9 1.4
frictionstrong 2.0 4.0 1.1 4.5 6.9 1.4

Table10.2: Summaryof the rupturesin the scenariosthat we usein the sensitivity studyof the strike-slip
fault. We computetheaverageslip usingequation(2.39),themomentmagnitudeusingequation(2.40),and
theaveragestressdropusingequation(8.9).

“refreeze”in theshearmelting-refreezingfriction model.Theseinitial conditionsfor scenarioscomboBand

meltCproduceearthquakeswith amomentmagnitudeof 6.8andaverageslipsof 1.4m and1.5m.

µmax ´ �¡� ¡� 0 ¢ 227 z �|µ 1 ¢ 0kmµ 4 ¢ 17 · 10® 3 ± m3 sec2
kg ² 1

2 » µ
z z �|µ 1 ¢ 0km

µmin ´ �¡� ¡� 0 ¢ 0235 z �|µ 1 ¢ 0kmµ 4 ¢ 31 · 10® 4 ± m3 sec2
kg ² 1

2 » µ
z z �|µ 1 ¢ 0km

µpost ´ �¡� ¡� 0 ¢ 157 z �|µ 1 ¢ 0kmµ 2 ¢ 88 · 10® 3 ± m3 sec2
kg ² 1

2 » µ
z z �|µ 1 ¢ 0km

Do ´ 0 ¢ 446m (scenariocomboB)

Vo ´ 0 ¢ 150m/sec(scenariocomboB)

Do ´ 0 ¢ 130m (scenariomeltC)

τo ´ 0 ¢ 350sec(scenariomeltC) (10.9)

In scenariocomboBthehealingportionof the rupture,which is associatedwith the trailing edgeof the

rupturefront,almostcatchestheleadingedgeof therupture.Thisnarrowingof therupturefront in thecentral

portionof thefault significantlyreducesthemaximumslip ratesandnearlysmotherstherupture.Fukuyama

andMadariaga(1998)alsoobservednarrowing of the rupturefront whenthey includedrate-weakeningin
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Figure10.17: Initial, failure, andminimum sliding shearstressesthroughthe centerof the asperityon the
strike-slipfault asa functionof dip for scenarioscomboBandmeltC.

a similar friction model. Themaximumdisplacementsandvelocitieson thegroundsurfacein figure10.18

displayevidenceof this phenomenon.North of theepicenterbothdistributionsexhibit an initial increasein

themaximumvaluesfollowedby adecreasealongthecentralportionof thefaultbeforeincreasingagain.At

thenorthendof thefault, thedisplacementsandvelocitieson thegroundsurfacereturnto levelsnearthose

observedin scenariounichardist.Thelocal minimumin themaximumdisplacementsoccursapproximately

two kilometerssouthof thelocalminimumin themaximumvelocities.This is consistentwith themorerapid

decayin themaximumdisplacementsoff thenorthendof thefaultcomparedto themaximumvelocities.The

peakmaximumvaluesof 3.3m and3.7m/secoccur2.3km southof thenorthtip of thefault. As in scenario

unichardist,theseextremelylargevaluesoccuron thefault wheretheslip ratesarethegreatest.

Wecomparethevelocity timehistoriesatsitesS1andS2for all threescenarios(figure10.19).At siteS1

wefind largeramplitudesfor scenariomeltC(melting-refreezingfriction) thanfor eitherscenariounichardist

(slip-weakening)or scenariocomboB(slip- and rate-weakening). The slightly sharperphasearrivals for

scenariomeltC reflect the fasterrupturespeed(3.1km/secversus3.0km/sec)andcontributesto the larger

amplitudes.Additionally, the increasein the velocity amplitudesmaybe attributedto the greatertendency

for theslip ratesto progressively increasein ruptureswith themelting-refreezingfriction modelcomparedto

theothertwo friction models.At siteS2in thenorth-south(fault parallel)direction,thevelocity amplitudes

for scenariounichardistaregenerallylarger thanthosefor scenarioscomboBandmeltC,but the reverseis

truein theeast-west(fault normal)direction.While thetime historiesfor scenariosunichardistandcomboB

matchcloselyatsiteS1,atsiteS2thetimehistoriesfor scenarioscomboBandmeltCmatchclosely. Although

the velocity time historiesexhibit moderatevariationsin amplitude,at both sitesthe generalshapesof the

waveformsdo not changeacrossthethreefriction models.

The maximumdisplacementsandvelocitieson the groundsurfacealongthe east-westline throughthe

north tip of the fault agreewith our observationsat siteS1. Figure10.20shows a closematchbetweenthe
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Figure10.18: Maximum magnitudesof the horizontaldisplacementandvelocity vectorsat eachpoint on
the groundsurfacefor scenariocomboB.Thewhite line indicatesthe projectionof the fault planeonto the
groundsurface,andthepurplecircle identifiestheepicenter.
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Figure10.19:Comparisonof horizontalvelocitytimehistoriesatsitesS1andS2for thethreefriction models.
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maximumdisplacementsandvelocitiesfor scenariosunichardistandcomboBwith slightly largervaluesfor

scenariomeltC.Themaximumvelocitiesfor scenariomeltCdecayat a slightly slower ratefrom 5.0–10km

away from the fault comparedto thosefrom scenariosunichardistandcomboB.We attribute theselarger

maximumvelocitiesto therelatively largerslip ratesat thenorthendof thefault in scenariomeltCcompared

to theothertwo scenarios.This slower decaymorecloselymatchestheshapeof thenear-sourcefactor, Nv,

from the1997Uniform Building Code. Nevertheless,theshapesof the curvesof maximumdisplacements

andvelocitiesfrom all threescenariosmatchthegeneralshapeof thenear-sourcefactorcurve.
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Figure10.20:Maximummagnitudesof thehorizontaldisplacementandvelocity vectorsalonganeast-west
line runningthroughthenorth tip of thefault for thethreefriction models.Thethick, dashedline indicates
thenear-sourcegroundmotionfactor, Nv, from the1997Uniform Building Code.

Fault Depth

We study the sensitivity of the groundmotionsto the depthof the fault using scenariosunichardistand

fault4km. To createscenariofault4kmwe lower thefault 4.0km while applyingthesameinitial strainfield

andusingthesameslip-weakeningfriction modellitholayeruf2(givenby equation(10.8)). With theburied

fault in scenariofault4km,therupturedoesnot hit thefreesurfaceandproducesmoreuniform distributions

of final slip andmaximumslip rate.Thetwo distributionsresemblethosefrom scenariounistrainwherethe

rupturedid not penetratethesoftermaterialnearthegroundsurface.With thedeeperfault andthe increase

in shearmoduluswith depth,themomentmagnitudeincreasesfrom 6.9 to 7.0 eventhoughtheaverageslip

decreasesfrom 1.9m to 1.5m.

Thenorth-southdisplacementtime historiesat siteS2(figure10.21)reflectthis variationin theaverage
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slip. While theshapesof thetime historiescloselymatch,we observe largeramplitudesandfinal displace-

mentsfor scenariounichardist,wherethetopof thefaultsitsatthegroundsurface,thanfor scenariofault4km,

wherethetopof thefault sitsatadepthof 4.0km. In theeast-westdirectionat bothsitesS1andS2,wegen-

erallyobservesmallerdisplacementamplitudeswith theburiedfault. Thenotableexceptionis theshearwave

arrival atsiteS1wherethepeakdisplacementfor theburiedfaultexceedsthepeakdisplacementfor thefault

at thesurfaceby 20%(1.2m comparedto 1.0m).
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Figure10.21:Comparisonof horizontaldisplacementtime historiesat sitesS1andS2for thetwo depthsof
thetop of thefault.

In additionto substantiallyreducingthemaximumdisplacementsandvelocitiesalongtheeast-westline

runningthroughthe north tip of the fault, burying the fault perturbsthe shapesof the curvesasshown in

figure10.22. Themaximumdisplacementsfor scenariofault4kmbecomenearlyuniform for distances15–

20km from thefault. Ontheotherhand,themaximumvelocitiescontinueto decayatapproximatelythesame

rateover this sameregion. Themaximumvelocitiesfrom scenariounichardistdecayata fasterratecloserto

thefault beforedecayingmoreslowly 10km from thefault. Consequently, themaximumdisplacementsand

velocitiesfrom the two scenarioscloselyagreebetween5.0km and10km from the fault. Lessthan5.0km

from thefault, themaximumdisplacementsandvelocitiesfrom scenariofault4kmlie well below thosefrom

scenariounichardist,while beyond10km from thefault, they areonly slightly lower. Althoughthelowering

of thefault doesreducethemaximumhorizontaldisplacementsandvelocities,thepeakvalueson this east-

westline still exceed1.0m and1.5m/sec. Wecontinueto find nosignificantdiscrepanciesbetweentheshape

of the near-sourcefactorand the shapesof the maximumdisplacementsandvelocitiesfor this strike-slip
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fault.
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Figure10.22:Maximummagnitudesof thehorizontaldisplacementandvelocity vectorsalonganeast-west
line runningthroughthenorthtip of thefault for thetwo depthsof thetopof thefault. Thethick, dashedline
indicatesthenear-sourcegroundmotionfactor, Nv, from the1997Uniform Building Code.

HypocenterLocation

Moving the asperityto the centerof the fault, while maintainingthe same8.0km depth(scenariohymc),

allows examinationof the sensitivity of the groundmotionsto the locationof the hypocenter. Besidesthe

adjustmentof the asperityin the initial sheartractions,the other initial conditionsandparametersdo not

changefrom thoseweusein scenariounistrain2.Figure10.23displaysthedisplacementtimehistoriesatsites

S1andS2for scenariounistrain2with thehypocenterat thesouthernquarterpoint (labeledmiddlequarter2)

andscenariohymc with the hypocenterat the centerof the fault (labeledmiddle center).As expected,the

shearwave arrivesearlierat site S1 whenwe placethe hypocenternearthe centerof the fault. In contrast

to the prescribedruptureswherewe observe little changein the amplitudesof the motion for the different

hypocenterlocations,we seethat thepeakdisplacementin theeast-westdirectionincreasesfrom 0.74m to

1.0m asthehypocentermovesfrom themiddleof thefault to thesouthernquarterpoint. Theshapesof the

displacementtimehistoriesremainthesame.

At site S2 the shearwave arrivesmoresharplywith the centralhypocenterlocation. The energy from

thelocationswithin theasperityarrivesovera shorterperiodof timedueto thefinite sizeof theasperityand

the locationof site S2at an azimuthof precisely90 degrees.For bothhypocenterlocationssite S1 lies on
2Thefirst word in thelabelof thehypocenterrefersto thedip location,andthesecondword refersto thestrike location.
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Figure10.23:Comparisonof horizontaldisplacementtimehistoriesatsitesS1andS2for two thehypocenter
locations.

nodallinesfor motionin thenorth-southdirection,andfor themiddlecenterhypocenterlocationsiteS2lies

on a nodalline for motion in theeast-westdirection. Theaverageslip of 2.0m from scenariohymcclosely

matchesthe averageslip of 1.9m from scenariounistrain2. Consequently, at eachsite we find minimal

differencesbetweenthefinal displacementsfor thetwo scenarios.

Whenweexaminethemaximumhorizontaldisplacementsandvelocitiesalongtheeast-westline through

thenorthtip of thefault givenin figure10.24,we find that thechangein thehypocenterlocationaffectsthe

maximumdisplacementsmorethanthemaximumvelocities.Whenwe move thehypocenterfrom nearthe

centerof the fault to thesouthernquarterpoint, thepeakof thecurve of maximumdisplacementsincreases

by 26%while thepeakof thecurveof maximumvelocitiesincreasesby only 3.7%.In theprescribedruptures

we find little variationin boththemaximumdisplacementsandvelocities.Theshapesof thecurvesexhibit

little variationandcloselyagreewith theshapeof curve for thenear-sourcefactor.

Heterogeneityin Initial ShearTractions

We gaugethesensitivity of therupturebehavior andthegroundmotionsto heterogeneityin theinitial shear

tractionsby introducingasperitiesinto the tectonicshearstrains.We continueto usethe litholayeruf2slip-

weakeningfriction model(equation(10.8)).We createbothweaklyheterogeneous(scenarioshearweak)and

stronglyheterogeneous(scenarioshearstrong)distributionsof theinitial shearstrains.Thedistributionseach

contain30 asperitieswith uniform randomdistributionsof radii between3.0km and8.0km and uniform
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Figure10.24:Maximummagnitudesof thehorizontaldisplacementandvelocity vectorsalonganeast-west
line running throughthe north tip of the fault for the two hypocenterlocations. The thick, dashedline
indicatesthenear-sourcegroundmotionfactor, Nv, from the1997Uniform Building Code.

randomdistributionsof locationsalongthe strike anddip. We do not allow asperitieswithin 2.0km of the

edgesof thefault to preventtamperingwith thetaperin theshearstressesattheedgesof thefault. Theweakly

andstronglyheterogeneousdistributionscontainasperitiesuniformly distributedwithin 30%and60%of the

nominalstrainfield (equation(10.2)).We introducetheheterogeneitydirectly into theinitial sheartractions

from theasperitiesin thestrainfield. Consequently, theasperitiesdonotaffect theeffectivenormaltractions.

Figure10.25shows thedistribution of the initial, failure,andsliding shearstresseson thefault for scenario

shearstrongwhich containsthestronglyheterogeneousinitial strains.

Figure10.25: Initial (blue),failure(red),andminimumsliding (green)shearstresseson thestrike-slip fault
for scenarioshearstrong.
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Theheterogeneityin the initial shearstressesprovidesoneof the few meansto introduceheterogeneity

into thedistributionof thefinal slip. Theothermethodsincludeusingheterogeneityin theparametersof the

friction model,whichwewill discussbelow, andusingheterogeneityin thematerialproperties.Thestrongly

heterogeneousinitial shearstressesdoasubstantiallybetterjob of generatingheterogeneityin thedistribution

of themaximumslip ratethanin thedistribution of final slip asillustratedby figure10.26.Comparedto the

level of heterogeneityin the final slip, the level of heterogeneityin the maximumslip ratesmoreclosely

matchesthelevel of heterogeneityin theinitial sheartractions.We do find anincreasein themaximumfinal

slip from 3.5m to 3.8m with negligible changein theaverageslip. Weobserveanincreasein thefinal slip at

astrikeof around40km, wheretwo asperitiescreatelargeinitial shearstresses.Similarly, thereducedinitial

shearstressesat thebottomof thenorthendof the fault effectively preventslip at thebottomcornerof the

fault. Theasperitiesalsoleadto suddenincreasesanddecreasesin themaximumslip rateandrupturespeed

correspondingto regionswherethey reduceor increasethedistancefrom failure. Thesefluctuationscreate

theheterogeneousdistributionof maximumslip ratevisible in figure10.26.

Figure 10.26: Distributions of final slip and maximumslip rate at eachpoint on the strike-slip fault for
scenarioshearstrong.

The changesin the rupturespeedgreatly reducethe efficiency of the reinforcementof the shearwave

by the rupture. Figure10.27shows that the maximumdisplacementsandvelocitiesincreasemorerapidly

asthe ruptureencountersthe two asperitiesat a north-southlocationof 0km (strike of 40km). This is in

responseto the relatively larger slip ratesandslip that occurwhen the rupturehits the asperities.These

largerslip ratesmomentarilyincreasetherupturespeedandtheefficiency of thereinforcementof theshear

wave by therupture.On theotherhand,just northof this region, themaximumdisplacementsandvelocities

suddenlydecrease,becausetherupturespeeddecreasesandtheefficiency of thereinforcementof theshear
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wave returnsto nearits nominal level. The maximumdisplacementsandvelocitiesincreaseagainas the

ruptureapproachesthenorthtip of thefault.

Figure10.27:Maximummagnitudesof thehorizontaldisplacementandvelocityvectorsateachpointon the
groundsurfacefor scenarioshearstrong.Thewhite line indicatesthe projectionof the fault planeonto the
groundsurface,andthepurplecircle identifiestheepicenter.

The limited ability of the stronglyheterogeneousinitial sheartractionsto createlarge variationsin the

distribution of final slip inspiredthecombinationof themelting-refreezingfriction modelwith thestrongly

heterogeneousinitial strains(scenariomeltstrong).Theshearre-strengtheningin themelting-refreezingfric-

tion modelreducesthewidth of therupturefront andcausestheslip to occuratamorelocal level. Weusethe

melting-refreezingmodelfrom scenariomeltCandsimply addtheasperitiesfrom the heterogeneousstrain

field to theinitial straindistribution from scenariomeltC.

Thecorrelationbetweentheheightof theasperitiesandthefinal slip increasessubstantiallyin scenario

meltstrongcomparedto scenarioshearstrong,eventhoughwe observe no changein themaximumfinal slip

and minimal changein the averageslip. We find local maximain the final slip in figure 10.28nearthe

two asperitiesthat sit at a strike of about40km. The local variationsin the distribution of the maximum

slip rateagreewith thosein scenarioshearstrong.This suggeststhat, while both the slip-weakeningand

melting-refreezingfriction modelsproduceheterogeneityin the slip rates,the friction modelswith shear

re-strengtheningmoreeffectively produceheterogeneityin thedistributionof final slip.

Figure 10.29displaysthe displacementtime historiesfor the four scenarios. The displacementtime

historiesfrom scenarioshearweakdiffer themostfrom theotherthreescenarios,becausetherupturehappens
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Figure 10.28: Distributions of final slip and maximumslip rate at eachpoint on the strike-slip fault for
scenariomeltstrong.

to encounteranasperitynearthehypocenterandbeginspropagatingataspeedof 4.9km/sec. By propagating

fasterthanthe shearwave, the reinforcementof the shearwave decreasesdramatically. This resultsin the

smalleramplitudedisplacementsin theeast-west(fault normal)directionat sitesS1andS2. At siteS2 the

amplitudesin the north-southdirectionare larger for scenarioshearweak,becausethe fasterrupturespeed

correspondsto higherslip rates.Thelargerslip ratesgenerateanaverageslip of 2.3m in scenarioshearweak

comparedto the 1.9m of slip in scenariounistrain2.Turningour attentionto the otherthreescenarios,we

find only small changesin the displacementamplitudesat site S1which lies in the forwarddirection. The

displacementamplitudesexhibit greatersensitivity at siteS2which lies at anazimuthof 90 degrees.As we

might expect,we find betteragreementin thedisplacementtime historiesbetweenthescenariosshearstrong

andmeltstrong,which featurestronglyheterogeneousdistributionsof sheartractions.

Despitewide fluctuationsin themaximumdisplacementsandvelocitiesacrossthefour scenarioson the

east-westline runningthroughthenorthtip of thefault, theshapesof thecurvesmatchthegeneralshapeof

the near-sourcefactorfrom the UBC asshown in figure 10.30. As we notedin our discussionof the time

histories,thesuper-shearrupturespeedin scenarioshearweakreducestheefficiency of thereinforcementof

theshearwave. Consequently, thecurve of themaximumvelocitiesfor scenarioshearweakconsistentlylies

below theothercurves.The20%largeraverageslip in scenarioshearweakcomparedto scenariosunistrain2

andshearstrongpreventsasimilarreductionin themaximumdisplacements.Wefind themaximumvelocities

significantlymoresensitive to theheterogeneityin sheartractionscomparedto themaximumdisplacements.

Themaximumdisplacementsfrom scenariounistrain2matchreasonablywell with thosefrom scenariomelt-

strong,but the curvesof the maximumvelocitiesdo not. Instead,the curve from scenariomeltstrongre-
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Figure10.29:Comparisonof horizontaldisplacementtime historiesat sitesS1andS2for thefour casesof
heterogeneityin theinitial sheartractions.

semblesthecurve from scenarioshearstrong.Bothcurvesfor thestronglyheterogeneousdistributionsof the

initial tractionslie well below thecurvefor scenariounistrain2,becausethestrongheterogeneityhasagreater

impacton theslip ratesandvelocities.

Heterogeneityin Friction Model Parameters

We createheterogeneityin the litholayeruf2friction modelby varying theparametersin the friction model

over the fault surface. We follow the sameprocedurethat we usefor creatingheterogeneityin the initial

sheartractionsandplacethe30 asperitiesusinguniformrandomdistributions.Theradii vary from 3.0km to

8.0km. Theasperityheightscorrespondto variationsin thecoefficientsin thefriction model. For example,

we independentlyvary the coefficients in the expressionsfor µmax and µmin by 20% and 40% above and

below thenominalvalueto generateweaklyandstronglyheterogeneousdistributions. We do not introduce

heterogeneityin the characteristicslip distance,but the fluctuationsin the maximumandminimum values

of thecoefficient of friction causeheterogeneityin thefractureenergy. Figure10.31shows the initial shear

stresses,theshearstressesat failure,andtheminimumsliding stresseson thefault surface.

Thestrongheterogeneityin thefriction modelparametershasa greaterimpacton creatingheterogeneity

in thedistribution of themaximumslip ratethanin creatingheterogeneityin thedistribution of final slip. In

figure10.32theregionswith the largermaximumslip ratescorrelatewith theregionsof a reduceddistance
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Figure10.30:Maximummagnitudesof thehorizontaldisplacementandvelocity vectorsalonganeast-west
line runningthroughthenorthtip of thefault for thefour casesof heterogeneityin theinitial sheartractions.
Thethick, dashedline indicatesthenear-sourcegroundmotion factor, Nv, from the1997Uniform Building
Code.

Figure10.31: Initial (blue),failure(red),andminimumsliding (green)shearstresseson thestrike-slip fault
for scenariofrictionstrong.

from failure, andvice versa. In the centralportion of the fault, we observe a relatively uniform increase

in slip correspondingto the reduceddistancefrom failure. In our discussionof heterogeneousinitial shear

tractions,we foundsimilar trendsin scenarioshearstrong,which usesa stronglyheterogeneousdistribution

in theinitial shearstressandaslip-weakeningfriction model.

Comparedto scenariounichardistwith homogeneouscoefficientsin thefriction model,the introduction

of weakheterogeneityin the coefficientsof the friction model (scenariofrictionweak) leadsto negligible

changein thebehavior of therupture.On theotherhand,the introductionof strongheterogeneity(scenario

frictionstrong)leadsto significantchangesin the rupturebehavior. For the threescenariosthe averageslip
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Figure 10.32: Distributions of final slip and maximumslip rate at eachpoint on the strike-slip fault for
scenariofrictionstrong.

varies less than 0.2m, but the strongly heterogeneousfriction model decreasesthe maximumhorizontal

displacementby 20%andthemaximumhorizontalvelocityby 11%.

Thedisplacementtime historiesat sitesS1andS2displayedin figure10.33illustratethesefeatures.At

bothsitesweseelittle variationin thefinal displacements,whichis consistentwith thenearlyidenticalvalues

of the averageslip. As notedabove, the rupturebehavior doesnot changewith the weak heterogeneity,

andwe find no noticeabledifferencesbetweenthe displacementtime historiesfrom scenariosunichardist

and frictionweak. At site S1 the strongheterogeneityreducesthe peakdisplacementby 28% (0.72m for

scenariofrictionstrongcomparedto 1.0m for scenariounichardist). The amplitudesfor the remainderof

thetime historiesexhibit similar reductions.At siteS2we observe almostno reductionin thedisplacement

amplitudesin theeast-west(fault normal)directionanda small increasein theamplitudesin thenorth-south

direction. The differencesin the variationsin the displacementsbetweenthe two sitesmay be explained

by their locations. Site S1 lies at an azimuthof 0 degrees,while site S2 lies at an azimuthof 90 degrees.

Consequently, the variationin the rupturespeed,which reducesthe efficiency of the reinforcementof the

shearwave, tendsto reducetheamplitudeof themotionat siteS1. On theotherhand,therapidpropagation

andlargeslipsnearthecenterof thefault tendsto increasethedisplacementamplitudesatsiteS2.

The maximumhorizontaldisplacementsalongthe east-westline passingthroughnorth tip of the fault

supportour analysisof thedisplacementtime historiesat siteS1. As shown in figure10.34,both themaxi-

mumdisplacementsandmaximumvelocitiesdecreasewith thestrongheterogeneityin theparametersof the

friction model,which weattributeto thefluctuationsin therupturespeed.We continueto observenegligible

differencesin thegroundmotionsbetweenscenariosunichardistandfrictionweak(homogeneousandweakly
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Figure10.33:Comparisonof horizontaldisplacementtime historiesat sitesS1andS2for thethreecasesof
heterogeneityin theparametersof thefriction model.

heterogeneousfriction modelparameters).Onceagain,we find no significantvariationsin theshapeof the

curvesof themaximumdisplacementsandmaximumvelocities,so they continueto matchtheshapeof the

curveof theUBC near-sourcefactor.

10.1.5 Comparisonwith PrescribedRuptures

In ourdiscussionof thesensitivity study, wehavehighlightedsomeof thesimilaritiesanddifferencesbetween

the prescribedrupturesimulationsthat we discussedin section7.1 and the dynamic failure simulations.

Obviously, we expectsimilaritiesin the rupturebehavior andthe groundmotions,becausewe selectedthe

parametersin thedynamicfailuresimulationssuchthat theaverageslip andrupturespeedsof thedynamic

rupturesgenerallyagreewith thosethat we usein the prescribedruptures. We will now discusssomeof

the fundamentalsimilarities and differencesin more detail by examining scenariounistrain2,which uses

dynamicfailure,andscenariohymq,whichusesaprescribedrupture.Scenariounistrain2featuresanaverage

slip of 1.9m, amomentmagnitudeof 6.9,andanaveragerupturespeedof 85%of thelocalshearwavespeed.

Scenariohymqhassimilar characteristicswith anaverageslip of 2.0m, a momentmagnitudeof 7.0, anda

rupturespeedof 80%of thelocal shearwave speed.

Figure10.35givesthehorizontalvelocity time historiesatsitesS1andS2for thetwo scenarios.At each

site we find that the phasesfor the two scenariosarrive at nearlythe sametime, which we expectbecause
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Figure10.34:Maximummagnitudesof thehorizontaldisplacementandvelocity vectorsalonganeast-west
line runningthroughthenorthtip of thefault for thethreecasesof heterogeneityin thefriction model. The
thick, dashedline indicatesthenear-sourcegroundmotionfactor, Nv, from the1997Uniform Building Code.

the travel time from the hypocenteris the same. At site S1 we seeexcellent agreementin the shapeof

the waveformsbetweenthe two scenarioswith minor discrepanciesin the amplitudes.The peakeast-west

velocity of 1.3m/secfor scenariounistrain2exceedsthe peakvelocity of 1.0m/secfor scenariohymq by

30%,but thepeakdisplacements(notshown) arewithin 10%(1.0m versus1.1m). At siteS2wefind similar

agreementin theeast-westcomponentwheretheamplitudesexhibit minor differencesbut theshapesmatch.

In the north-southcomponentthe phasearrivals matchreasonablywell, andwe find larger differencesin

theamplitudes;however, thevelocity amplitudesaresmallercomparedto theothercomponents.Thus,the

velocity time historiesfrom scenariounistrain2with dynamicfailure andscenariohymq with a prescribed

ruptureshow excellentagreementwith only minordiscrepanciesin theamplitudesof themotion.

Themaximumhorizontaldisplacementsandvelocitiesalongtheeast-westrunningline throughthenorth

end of the fault highlight the principle differencebetweenthe simulationswith dynamic failure and the

simulationswith prescribedruptures.Fromfigure10.36weseethatthemaximumdisplacementsfor thetwo

scenariosmatchvery well exceptin theregion thatlies within aboutthreekilometersof thefault. Similarly,

themaximumvelocitiesmatchvery well outsidetheregion that lies within aboutonekilometerof thefault.

The largedisplacementsandvelocitiesnext to thefault in scenariounistrain2comefrom therapidslip that

occursat the groundsurface. The 0.093MPa effective normalstressesat the groundsurface,which come

from thetectonicaxial strains,provide little resistanceto failure. This allows thelarge,rapidslipsat thetop

of the fault. Harris andDay (1999) found a negative stressdrop effectively preventsslip nearthe surface.



189

−2.0

−1.5

−1.0

−0.5

 0.0

 0.5

 1.0

 1.5

N
S

 V
el

oc
ity

 (
m

/s
ec

)

Site S1

dynamic failure
prescribed rupture

−1.0
−0.8
−0.6
−0.4
−0.2
 0.0
 0.2
 0.4
 0.6
 0.8
 1.0

Site S2

 0 10 20 30 40 50 60
−2.0

−1.5

−1.0

−0.5

 0.0

 0.5

 1.0

 1.5

Time (sec)

E
W

 V
el

oc
ity

 (
m

/s
ec

)

 0 10 20 30 40 50 60
−1.0
−0.8
−0.6
−0.4
−0.2
 0.0
 0.2
 0.4
 0.6
 0.8
 1.0

Time (sec)

Figure10.35: Comparisonof horizontalvelocity time historiesat sitesS1 andS2 for the dynamicfailure
scenariounistrain2andtheprescribedrupturescenariohymq.

Alternatively, larger effective normalstressescorrespondingto larger tectonicaxial strainsor modification

of the friction modelto includecohesionwould increasethe distancefrom failure andthe fractureenergy.

Thesestrategieswould reducetheslip andslip ratesnearthesurfaceandbring themaximumdisplacements

andvelocitiesfrom scenariounistrain2into betteragreementwith thosefrom scenariohymq. The general

shapesof thecurvesof the maximumhorizontaldisplacementsandvelocitiesfrom bothprescribedrupture

scenariosanddynamicfailurescenariosmatchtheshapeof thenear-sourcefactor, Nv, from the1997Uniform

Building Code.
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Figure10.36:Maximummagnitudesof thehorizontaldisplacementandvelocity vectorsalonganeast-west
line runningthroughthenorthtip of thefault for thedynamicfailurescenariounistrain2andtheprescribed
rupturescenariohymq. Thethick, dashedline indicatesthenear-sourcegroundmotion factor, Nv, from the
1997Uniform Building Code.
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10.2 Thrust Fault

We follow the sameprocedurethat we usefor the strike-slip fault andstudydynamicfailure on the thrust

fault in the layeredhalf-spacewith thefinite-elementmodelfrom theprescribedruptures(seesection7.2).

Eachsimulationrequired2.6 hoursusing 16 processorsof the Hewlett PackardExemplarat the CACR.

Figure10.37shows thepartitioningof themeshamongtheprocessorsusingtheMETIS library.

Figure10.37:Partitioningof thecoarsefinite-elementmodelamong16processorsfor thelayeredhalf-space
usingtheMETIS library. Eachcolorpatchidentifiestheelementsof oneprocessor.

10.2.1 Earthquake SourceParameters

We apply uniform horizontalaxial andshearstrainsto generatethe sheartractionson the fault. We align

thesheartractionswith theslip directionof theprescribedruptures,which hasa rake angleof 105degrees

from thestrike, andtry to matchtheaverageslip of 1.0m from the prescribedruptures.For inclined faults

the averagestressdrop remainsproportionalto the productof the shearmodulusandaverageslip, but the

proportionalityconstantdependson thedepthof thefault andthedip angle.Consequently, we do not have

a simpleexpressionfor the averagestressdrop asa function of the shearmodulusandthe averageslip for

inclined faultsthatwe have for strike-slip faults(equation(9.1)) (Parsonset al. 1988). As in thestrike-slip

fault, the differentfriction modelsrequiredifferentmaximumdynamicstressdropsto producecomparable

slip, sowe will discussthesheartractionson acaseby casebasis.

We continueto assumethat thematerialcontainslittle water, so thatgravity createslithostaticeffective

normalstresses.Whenwe bury the fault 8.0km below the groundsurface,the materialpropertiesexhibit

little changeover thedepthof the fault. As a result,theuniform tectonicstrainswill createnearlyuniform

shearandnormaltractionson the fault. The shallow dip of the fault causesthe tectonicstrainsto produce

muchsmallernormaltractionsthanthenormaltractionsfrom gravity. Thus,we will find little changein the

normaltractionson thefault surfaceaswe changethemaximumdynamicstressdrop.We do not changethe

functionform of thefriction model;it continuesto dependon boththesquareroot of theshearmodulusand
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theinverseof thedepth.Wedochangethecoefficientsslightly to createthedesiredmaximumdynamicstress

dropandshearstressesat failure.

10.2.2 Sensitivity Study

We continueour studyof the sensitivity of the long-periodnear-sourcegroundmotion to variationsin the

initial conditionsandparametersof the friction model. In additionto the parameterswe examinedfor the

strike-slipfault,wevarythelevel of theinitial sheartractionsonthefault. Table10.3summarizesthegeneral

parametersof thescenariosin thesensitivity study, andtable10.4displaysthebasicfeaturesof theruptures

for thescenarios.We will examinethescenariosin moredetail in thefollowing sections.

Scenario Initial Tractions Friction Type

unistrain uniformstrain slip-weakening
unistrain2 uniformstrain sameasunistrain
combo8km uniformstrain slip- andrate-weakening
melt8km sameascombo8km melting-refreezing
fault4km uniformstrain sameasunistrain
fault0km uniformstrain sameasunistrain

combo0km uniformstrain sameascombo8km
hymc uniformstrain sameasunistrain

shearweak weaklyheter. strain sameasunistrain
shearstrong stronglyheter. strain sameasunistrain
meltstrong stronglyheter. strain sameasmelt8km

frictionweak sameasunistrain weaklyheter. slip-weakening
frictionstrong sameasunistrain stronglyheter. slip-weakening

Table10.3: Summaryof the initial tractionsandthe friction modeltype for eachscenarioin thesensitivity
studywith thethrustfault. Whenscenariosshareexactly thesameparameters,we notethecommonbondin
thelatterscenarios.

BaseCase:Scenariounistrain

For the basecasewe bury the fault 8.0km below the groundsurface. We usea relatively homogeneous

distribution of theinitial tectonicstrainsto generatenominalsheartractionsof 6.0MPa on thefault surface;

asa resultwe labelthebasecasescenariounistrain.Equation(10.10)andequation(10.11)give thetectonic

strainsand the parametersin the lithothrustuf friction model. As in the strike-slip basecase,we usethe

slip-weakeningI friction model in the thrust fault basecase.We selectnominalminimum sliding stresses

of 1.5MPa, a nominalmaximumdynamicstressdrop of 4.5MPa, andnominalshearstressesat failure of

10.5MPa. Thesecorrespondto the stresseson the strike-slip fault at similar depths. Theseinitial shear

stresses,shearstressesat failure,andminimumsliding shearstresses(shown in figure10.38)exhibit a small

increaseover thedepthof the fault (8.0km to 15km), becausethe shearmodulusincreasesslightly from a

depthof 6.0km to a depthof 21km.
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Scenario Average Max. AverageMax. Max. Moment Average
Slip Slip Slip Rate Slip Rate Magnitude StressDrop
(m) (m) (m/sec) (m/sec) (MPa)

unistrain 1.2 2.3 0.79 1.2 6.9 2.6
unistrain2 1.6 2.6 1.1 1.7 7.0 3.5
combo8km 0.72 1.5 0.81 1.4 6.6 1.8
melt8km 0.96 1.7 1.0 1.8 6.8 2.4
fault4km 1.8 3.2 0.91 1.4 7.0 3.1
fault0km 2.5 5.2 1.1 4.7 7.1 1.5

combo0km 1.1 2.6 1.1 6.1 6.8 0.93
hymc 1.2 2.5 0.83 1.4 6.8 1.9

shearweak 1.1 2.0 0.85 1.6 6.8 2.5
shearstrong 1.4 2.5 0.92 1.6 6.9 2.9
meltstrong 1.2 2.3 1.2 2.3 6.8 2.8

frictionweak 1.0 2.2 0.78 1.3 6.8 2.0
frictionstrong 0.83 1.4 0.63 1.2 6.7 1.9

Table10.4: Summaryof therupturesin thescenariosthatwe usein thesensitivity studyof thethrustfault.
We computethe averageslip usingequation(2.39), the momentmagnitudeusingequation(2.40),andthe
averagestressdropusingequation(8.9).

εyy ´ µ 2 ¢ 36 · 10® 4

εxx ´ εzz ´ 5 ¢ 84 · 10® 5

εxy ´ 7 ¢ 27 · 10® 5

εyz ´ εxz ´ 0 (10.10)

µmax ´ �¡� ¡� 0 ¢ 162 z �|µ 1 ¢ 0kmµ 2 ¢ 97 · 10® 3 ± m3 sec2
kg ² 1

2 » µ
z z �|µ 1 ¢ 0km

µmin ´ �¡� ¡� 0 ¢ 0231 z �|µ 1 ¢ 0kmµ 4 ¢ 24 · 10® 4 ± m3 sec2
kg ² 1

2 » µ
z z �|µ 1 ¢ 0km

Do ´ 0 ¢ 338m (10.11)

We start the ruptureusinga shearstressasperitywith a radiusof 1.8km locatedalongthe north-south

runningcenterlineof thefault at a depthof 13.5km, or 4.0km up-dipfrom thebottomof thefault. We taper

thesheartractionsonall four edgesto smothertheruptureasit approachestheedgesof thefault. Figure10.39

displaystheshearandnormaltractionsappliedto thefault surface.

Therupturebeginsslowly in responseto theplacementof theasperitycloseto theedgeof thefault. As

shown by thesnapshotsof slip ratein figure10.40,at 2.0sectheruptureis still aboutthesizeof theasperity.
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Figure10.38: Initial, failure, andminimum sliding shearstressesthroughthe centerof the asperityon the
thrustfault asa functionof dip for scenariounistrain.

Figure10.39:Shearandnormaltractionson thethrustfault for scenariounistrain.

As therupturebegins to propagate,the rupturefront conformsto thefamiliar elliptic shapewith the fastest

rupturespeedin thedirectionof slip, whichhasarakeangleof 105degrees.Themaximumslip ratesremain

relatively low andtherupturepropagatesin thedirectionof slip at a speedof only 2.2km/sec, or about67%

of the local shearwave speed.Theelliptic shapeof therupturefront causesthe leadingedgeof therupture

to reachthe centerof the top of the fault at about6.5sec. Meanwhile,the lateralportionsof the leading

edgeof the rupturehave propagateda muchshorterdistance.This givesthe rupturea bilateralappearance

from 7.0secto 9.0sec.Theprescribedruptureswith a uniform rupturespeeddo not producethis behavior,

althoughwe canintroducesuchbehavior with modificationsto thealgorithmusedto settheslip starttimes

which wediscussedin section5.4.

Anotherphenomenonpresentin scenariounistrainthat fails to appearin the prescribedrupturesis the

secondslip event nearthe hypocenterthat begins a little before8.0sec. The reflectionof the dilatational

waveoff thegroundsurfacegeneratesashearwavethatpropagatesbackdown throughthefault. As thewave

passesthroughthefault, thedynamicshearstressescauseadditionalfailureon thefault nearthehypocenter.
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Thissecondslip eventlastsonly a couplesecondsandremainsconfinedto theregionaroundthehypocenter.

We will find this secondslip stronglysensitive to variationsin theinitial conditionsandthefriction model.

Figure10.40:Snapshotsof slip rateon thethrustfault for scenariounistrain.

Thedistribution of final slip displayedin figure10.41displaysno cleartrendswith depthandresembles

the final slip of a uniform stressdrop earthquake. The averageslip of 1.2m agreesreasonablywell with

our targetvalueof 1.0m. Thesecondslip eventcausedby theshearwave passingthroughthe fault creates

the peakslip of 2.3m nearthe hypocenter. The slip ratesassociatedwith this secondslip event nearthe

hypocenterexceedthosein thesameregion for thefirst slip event. Themaximumslip ratesreflecttheslow

initiation of therupture.If we neglect the largeslip ratesnearthehypocenterthatcorrespondto thesecond

slip event, thenwe find themaximumslip ratesprogressively increaseasthe rupturepropagates.As in the

distributionof final slip, weobserveno cleartrendwith depth.

We examinethe changesin temperatureon the fault surfaceto determineif melting occurs. As we

did for the strike-slip fault, we assumea heatcapacityper unit massof 1000J/(kg-¤ K) andconfinementof

the heatto a region that extends5.0mm perpendicularto the fault. Figure10.42shows the distribution of

the changein temperatureclosely follows the distribution of final slip. This is not surprisingbecausewe

usea nearlyuniform minimum sliding stresscoupledwith a characteristicslip distanceof 0.34m, which

is muchsmallerthanthe averageslip of 1.2m. Over mostof the fault the maximumtemperaturechange

doesnot exceed400degreesKelvin. Althoughthetemperaturechangedoesapproach600degreesKelvin in
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Figure10.41:Distributionsof final slip andmaximumslip rateat eachpoint on thethrustfault for scenario
unistrain.

thehypocentralregion, thechangesin temperatureremainbelow the1000degreesKelvin thatwould imply

melting(Kanamoriet al. 1998). Thus,we concludethat thelevel of sliding stressappearsrealisticbasedon

thelackof meltingassociatedwith theestimatedchangesin temperature.

Figure10.42:Final changein temperatureat eachpoint on thethrustfault for scenariounistrain.

Therelatively slow rupturespeedof 67%of the local shearwave speedallows limited reinforcementof

theshearwave by therupture.Additionally, thebilateralnatureof theendof theearthquake directsenergy

laterally, insteadof up-dip from the fault. As a result, we observe significantly smallergroundmotions

thanthosefrom the strike-slip fault with dynamicrupturesandthosefrom the thrust fault with prescribed

ruptures.Thedistributionof themaximumhorizontalandverticaldisplacementsgivenin figure10.43shows

the directivity of the ruptureeven at this slow rupturespeed.The propagationof the rupturetowardsthe

surfacealongthecenterof thefault createsthe local peaksin thehorizontaldisplacementssouthof the top

of thefault andtheverticaldisplacementsjust northof thetop of thefault. Thebilateralnatureof theendof

therupturecoupledwith thesouth-southeastslip directioncreatesthelargehorizontaldisplacementstowards

the east. We attribute the local peakin the horizontaldisplacementsnorth of the epicenterto constructive
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interferencein thegroundmotionsamongthewavescomingfrom theeastandwestendsof thefault andthe

secondslip eventnearthehypocenter.

Figure10.43: Maximum magnitudesof the horizontalandvertical displacementvectorsat eachpoint on
thegroundsurfacefor scenariounistrain.Thewhite line indicatestheprojectionof thefault planeonto the
groundsurface,andtheyellow circle identifiestheepicenter.

Thepeakvelocitiesshown in figure10.44exhibit a greatersensitivity to thebilateralnatureof thelatter

partof the rupture. In contrastto theprescribedruptureswherethepeakhorizontalvelocitiesoccur5.0km

southof thetop of thefault, the largestmaximumhorizontalvelocitiesoccurabove theeastandwestedges

of thefault. However, we do find locally greatermaximumvelocitiessouthof thetop of thefault. Thepeak

verticaldisplacementof 0.65m nearlyequalsthepeakhorizontaldisplacementof 0.68m, but thepeakhori-

zontalvelocityof 0.54m/secexceedsthepeakverticalvelocityof 0.29m/secby 86%.Theprescribedruptures

displayasimilar discrepancy betweenthehorizontalandverticalvelocitiescomparedto thedisplacements.

Figure 10.44: Maximum magnitudesof the horizontaland vertical velocity vectorsat eachpoint on the
groundsurfacefor scenariounistrain. The white line indicatesthe projectionof the fault planeonto the
groundsurface,andtheyellow circle identifiestheepicenter.
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Figure10.45givesthe displacementandvelocity time historiesat site S1, which is locatedabove the

southeastcornerof thefault, andat siteS2,which is locatedabove themiddleof thenorthedgeof thefault

(seefigure7.31for a diagramof the site locations).At site S1we observe pulse-like behavior on all three

componentswith thepeakdisplacementsandvelocitiesoccurringin theeast-westdirection.Thereboundin

displacementcreatesa singlepulsein displacementanda correspondingdoublepulsein velocity. Basedon

theslip directionthatis only 15degreeseastof south,wewouldexpectlargeramplitudemotionin thenorth-

southdirectioncomparedto theothertwo directions;however, thebilateralnatureof the ruptureat theend

of theearthquakeskews themotiontowardstheeast.At siteS2thelargestmotionoccursin thenorth-south

directionwith a largevelocitypulseat16sec.Thisvelocitypulsecomespredominantlyfrom thesecondslip

event thatoccursnearthehypocenter, althoughconstructive interferencewith wavesfrom theeastandwest

endsof thefault alsocontribute.Therestof thetime historyfeaturesrelatively long-period,smallamplitude

motionsthatareconsistentwith thelocationof thesitein thebackwarddirection.
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Figure10.45:Displacementandvelocity time historiesat sitesS1andS2for scenariounistrain.

As expected,theuniform strainfield andthefriction modelwith dependenceon boththeshearmodulus

anddepthproducesa realisticrupture. The locationof the asperityusedto start the rupturenearthe edge

of the fault slows the initiation of the ruptureandleadsto a slow rupturespeed.Nevertheless,the rupture

createssmoothdistributionsof final slip andmaximumslip ratethatagreewith ourunderstandingof uniform

stressdropearthquakes.Additionally, theaverageslip of 1.2m agreesreasonablywell with our targetvalue

of 1.0m from the prescribedruptures. Thus,we chooseto usescenariounistrainas the basecasefor the
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sensitivity study.

Initial ShearTraction

We want to shift the rupturespeedto a valuenear80–85%of the local shearwave speedthatmoreclosely

agreeswith the rupturespeedsobserved by Heaton(1990). We accomplishthis by increasingthe tectonic

shearstrainsgivenin equation(10.10)by 17%in orderto increasethenominalsheartractionsfrom 6.0MPa

to 7.0MPa. We do not changethe friction modelor the locationof the asperityusedto start the rupture

from thosein scenariounistrain.Comparingtherupturebehavior from scenariosunistrainandunistrain2,we

observe anincreasein theaveragemaximumslip ratefrom 0.79m/secto 1.1m/sec.This allows therupture

to propagatein thedirectionof slip at 2.9km/sec,or 88%of the local shearwave speed,insteadof 67%of

thelocal shearwavespeed.This increasesthereinforcementof theshearwaveby therupture.

Comparingfigure10.43with figure10.46,we find substantiallylargermaximumhorizontalandvertical

displacementswithout any significantshifts in the relative distribution. Thepeakmaximumhorizontaldis-

placementincreasesfrom 0.68m in scenariounistrainto 1.4m in scenariounistrain2. Similarly, the peak

maximumhorizontalvelocity increasesby 110%from 0.68m/secin scenariounistrainto 1.4m/secin unis-

train2. From figure 10.44andfigure 10.47we find that the increasein the rupturespeedshifts the largest

horizontalvelocitiesto the south. The peakhorizontalvaluesoccursouthandeastof the top of the fault,

which moreclosely resemblesthe distributions from the prescribedruptures. The endof the rupturestill

retainsbilateralcharacteristics,andwefind locally largerhorizontalvelocitiesabovetheeastandwestedges

of thefault. Theverticalvelocitiesdisplayonly a smallshift towardsthesouthwith almostno changein the

locationof thepeakvalue.

Figure10.46:Maximummagnitudesof thehorizontalandverticaldisplacementvectorsat eachpoint on the
groundsurfacefor scenariounistrain2. The white line indicatesthe projectionof the fault planeonto the
groundsurface,andtheyellow circle identifiestheepicenter.

At bothsitesS1andS2 the increasein the rupturespeedcausesa dramaticchangein thevelocity time
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Figure 10.47: Maximum magnitudesof the horizontaland vertical velocity vectorsat eachpoint on the
groundsurfacefor scenariounistrain2. The white line indicatesthe projectionof the fault planeonto the
groundsurface,andtheyellow circle identifiestheepicenter.

historiesas shown in figure 10.48. For consistency with the prescribedruptureswe considermotion in

thenorth-southandverticaldirections.In thenorth-southdirectionat siteS1,we seeanincreasein thepeak

velocityfrom 0.16m/secto 0.45m/secandthewaveformfor scenariounistrain2lookslikethewaveformfrom

unistrain2,but compressedin time. In scenariounistrain2the doublepulsein velocity dominatesthe time

history, while in scenariounistrainthe amplitudeof the pulsesareonly marginally larger thanthe velocity

amplitudesin thelatterportionof thetimehistory. Theverticalcomponentof velocityatsiteS1displaysless

sensitivity to theincreasein the initial tectonicstrainswith only a 72%increasein thepeakvelocity andno

majorchangesin theshapeof thewaveform. Thearrival of theshearwave doesbecomesufficiently sharper

to createtheappearancethatthearrival time changes;however, thenorth-southcomponentclearlyshowsno

changein thearrival timeof theshearwave.

The increasein initial tectonicstrainsallows the secondslip event near the hypocenterto propagate

farther. This causessignificantchangesto the amplitudeof the motion in the north-southdirectionat site

S2,but little changein thevertical direction. In the north-southdirectionthe initial motion remainsnearly

identical,but asmaller, doublepeakedpulse,thatarrivesataround12secin scenariounistrain2,replacesthe

narrow velocitypulse,thatarrivesat16secin scenariounistrain.TheverticalcomponentatsiteS2showsthe

compressionin timecorrespondingto theincreasein rupturespeedbut little changein amplitude.

As in the prescribedruptures,we examinethe maximumhorizontaldisplacementsandvelocitiesalong

the north-southline on the groundsurfacethat runsabove the centerof the fault. Figure10.49reflectsthe

increasein themaximumvelocitiessouthof thefault in responseto theincreasein thetectonicstrains.The

maximumdisplacementsdisplaya similar trend,but the increaseis distributedmoreuniformly acrossthe

entirewidth of thedomain.In bothscenariosunistrainandunistrain2themaximumdisplacementscontaina

localpeakcenteredapproximately25km northof thetopof thefault. Themaximumhorizontalvelocitiesdo
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Figure10.48: Comparisonof north-southandverticalvelocity time historiesat sitesS1andS2 for the two
valuesof theinitial shearstress.

not displaya correspondingsetof peaks.

We overlaythenear-sourcefactor, Nv, from the1997Uniform Building eventhoughtheCaliforniaDivi-

sionof MinesandGeologydoesnot includeblind thrustfaultsonthemapsusedto determinethenear-source

factor. Thepeaksin thecurvesof themaximumhorizontaldisplacementsandvelocitiesbothfall outsidethe

region wherethenear-sourcefactoris a maximum.Theshapeof thenear-sourcefactordoesnot conformto

the peakin the maximumdisplacementslocatednearthe north edgeof the domain. We do not find this a

significantflaw in thenear-sourcecurve, becausetheselocal peaksaresmall relative to theglobalpeakfor

scenariounistrain2,which containsa morerealisticrupturespeedcomparedto scenariounistrain.Thepeak

southof thetopof thefaultappearsin themaximumdisplacementsandvelocitiesfor bothscenarios.Because

this peakdominatestheshapeof thecurvesin scenariounistrain2,which hasa morerealisticrupturespeed,

andthispeakfallsoutsidetheregionwherethenear-sourcefactoris at its maximumvalue,wefind theshape

of the near-sourcecurve for our blind thrustfault fails to matchthedistribution of shakingasmeasuredby

themaximumhorizontaldisplacementsandvelocities.

Friction Model

We examinethe sensitivity of the groundmotionsto the friction modelusing the slip-weakening friction

model(scenariounistrain),theslip- andrate-weakeningfriction model(scenariocombo8km),andthemelting-

refreezingfriction model(scenariomelt8km). For scenarioscombo8kmandmelt8kmwe increasethenom-
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Figure10.49:Maximummagnitudesof thehorizontaldisplacementandvelocityvectorsalonganorth-south
line runningover thecenterof the fault for the two valuesof the initial shearstress.The thick, dashedline
indicatesthenear-sourcegroundmotionfactor, Nv, from the1997Uniform Building Code.

inal maximumdynamicstressesdrop from 4.5MPa to 6.5MPa in an attemptto createearthquakeswith

comparableslip to scenariounistrain.In orderto maintainthesamenominalminimumsliding shearstresses

of 1.5MPa, we increasethenominalinitial sheartractionsfrom 6.0MPa to 8.0MPa by scalingthetectonic

strainsgivenin equation(10.10)by a factorof 1.33. We scalethedistancefrom failureby thesameamount

to preventsubstantialchangesin the rupturespeed.Equation(10.12)givesthe parametersof the slip- and

rate-weakeningfriction modelandthemelting-refreezingfriction modelasa functionof depth.
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µmax ´ �¡� ¡� 0 ¢ 222 z �|µ 1 ¢ 0kmµ 4 ¢ 08 · 10® 3 ± m3 sec2
kg ² 1

2 » µ
z z �|µ 1 ¢ 0km

µmin ´ �¡� ¡� 0 ¢ 0230 z �|µ 1 ¢ 0kmµ 4 ¢ 22 · 10® 4 ± m3 sec2
kg ² 1

2 » µ
z z �|µ 1 ¢ 0km

µpost ´ �¡� ¡� 0 ¢ 153 z �|µ 1 ¢ 0kmµ 2 ¢ 04 · 10® 3 ± m3 sec2
kg ² 1

2 » µ
z z �|µ 1 ¢ 0km

Do ´ 0 ¢ 446m (scenariocombo8km)

Vo ´ 0 ¢ 150m/sec(scenariocombo8km)

Do ´ 0 ¢ 130m (scenariomelt8km)

τo ´ 0 ¢ 350sec(scenariomelt8km) (10.12)

The shearre-strengtheningfriction modelswith the larger dynamicstressdrop produceruptureswith

averageslipsof 0.72m for scenariocombo8kmand0.96m for scenariomelt8km.Hence,despiteincreasing

themaximumdynamicstressdrop, thevaluesof averageslip do not matchaswell aswe would hope.The

final valuesin the displacementtime historiesat sitesS1 and S2 displayedin figure 10.50 reflect these

differentvaluesof averageslip. Comparingthe scenarioswith the slip- andrate-weakeningfriction model

andthemelting-refreezingfriction modelwith thescenariowith theslip-weakeningfriction model,wenotice

a decreasein durationof thesinglepulsein displacementin boththenorth-southandverticalcomponentsat

siteS1. We associatesuchcompressionin time with an increasein theaveragerupturespeed.We observe

negligible changein the rupturespeednearthe endof the rupture,but the largermaximumdynamicstress

drop allows the asperityto initiate propagationof the ruptureat a fasterspeed.Thus,the averagerupture

speedincreasesdueto a fasterrupturespeednearthebeginningof the rupture. Thesmalleraverageslip in

scenariocombo8kmproducesapeaknorth-southdisplacementof only 0.19m comparedto thepeakvalueof

0.43m in scenariomelt8km.In boththenorth-southandverticaldirectionsthepeakdisplacementin scenario

melt8kmfallswithin 17%of thepeakvaluesfor scenariounistrain.

Theshearre-strengtheningin thefriction modelspreventstheshearwavethatiscreatedfromthereflection

of the dilatationalwave off the groundsurfacefrom creatinga secondslip event on the fault. This leads

to a significantreductionin the amplitudeof the motion at site S2 for scenarioscombo8kmandmelt8km

comparedto scenariounistrain.Evenwith thedifferencein averageslip betweenscenarioscombo8kmand

melt8km,we find little differencein the displacementtime histories. This is not surprisingbasedon the

similarity of thefriction modelsandtheotherfeaturesof theruptures.

Figure 10.51shows the maximumhorizontaldisplacementsand velocitiesalong the north-southline

above the centerof the fault. The peakhorizontaldisplacementsfrom scenarioscombo8kmandmelt8km
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Figure10.50:Comparisonof north-southandverticaldisplacementtime historiesat sitesS1andS2for the
threefriction models.

do not containthelocal peak25km northof thetop of thefault thatwe associatewith thesecondslip event

nearthehypocenterin scenariounistrain.Nearthe top of thefault, themaximumhorizontaldisplacements

from scenarioscombo8kmandunistrainmatch,while themaximumhorizontaldisplacementsfrom scenario

melt8kmareslightly larger. However, the larger slip ratesin the scenarioswith the larger dynamicstress

drop andshearre-strengthening(scenarioscombo8kmandmelt8km)createsignificantly larger maximum

velocitiesabovethetopof thefault. We observenoshift in thelocationof thepeakin thecurveof maximum

displacementsor velocities,so it is no surprisethat the peakmaximumdisplacementsandvelocitiesfall

slightly southof theregionwherethenear-sourcefactoris a maximum.

Fault Depth

We raisethe top of the fault in incrementsof 4.0km to analyzethe sensitivity of the rupturedynamicsand

theresultinggroundmotionsto thedepthof thefault. For scenariosfault4kmandfault0kmwedonotchange

thestrainfield (equation(10.10))or thefunctionsfor theparametersof thefriction model(equation(10.11))

from thoseof scenariounistrainwherethe top of the fault sitsat a depthof 8.0km. Similarly, for scenario

combo0kmwe usethe samestrainfield andslip- and rate-weakening friction modelascombo8km. The

variationof the parametersin the friction modelwith the quotientof the squareroot of the shearmodulus

andthedepthproducesthedesiredvariationsof thedistancefrom failureandthemaximumdynamicstress

dropwith depth.Figure10.38shows theinitial shearstresses,theshearstressesat failure,andtheminimum
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Figure10.51:Maximummagnitudesof thehorizontaldisplacementandvelocityvectorsalonganorth-south
line runningover the centerof the fault for the threefriction models. The thick, dashedline indicatesthe
near-sourcegroundmotionfactor, Nv, from the1997Uniform Building Code.

slidingstressesfor scenariofault0km,wherethetopof thefaultsitsatthegroundsurface.Becauseweusethe

samematerialpropertiesandfunctionalform of theslip-weakeningfriction modelfor thethrustfaultandthe

strike-slipfault,we find thattheshapesof thedistributions(figure10.11andfigure10.52)look very similar

whenthetopof thefaultssit at thegroundsurface.Theprincipledifferencescomefrom theplacementof the

asperitiesusedto initiate therupture.

0.0 4.0 8.0 12.0 16.0
18

15

12

 9

 6

 3

 0

Shear Stress x106 (Pa)

D
ip

 (
km

)

Initial
Failure
Sliding

Figure10.52: Initial, failure, andminimum sliding shearstressesthroughthe centerof the asperityon the
thrustfault asa functionof dip for scenariofault0km.
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Whenthetopof thefault reachesthegroundsurface,theseismicwavesbecometrappedbetweenthefault

andthe groundsurface. For the slip-weakeningfriction model(scenariofault0km)figure 10.53providesa

closeupview of thesnapshotsin timeof themagnitudeof thevelocityateachpointonaverticalslicethrough

thecenterof thefault. Thesnapshotsbegin at4.0secwhentherupturehaspropagatedapproximatelyhalfway

up thefault,andweobserveonly minorperturbationsin thesymmetryof thevelocitiesaboutthefaultplane.

Wealsoseethebeginningof theamplificationof thewavestraveling throughthesoftermaterialon theirway

to thesurface.Beginningat5.0secandcontinuinguntil nearly12.0sec,wefind muchlargervelocitiesabove

thefault thanimmediatelybelow thefault. Theonly velocitiesabove0.2m/secbelow thefaultcorrespondto

themotionof thefootwall duringslip. For a largefractionof this duration,thevelocitiesovera largeregion

saturatethe amplitudescaleof theplot, so themaximumvelocitiesexceed0.5m/sec.Whenslip occurson

the fault surface,the sliding stressesarelow comparedto the initial shearstresses,andthe fault actsmuch

like a freesurfacefor normally incidentshearwaves.Consequently, after theseismicwavesabove thefault

reflectoff thegroundsurfaceandattemptto propagatebackthroughthefault,mostof theenergy reflectsoff

thefaultsurfaceandpropagatesbacktowardsthegroundsurface;little of theenergy is transmittedacrossthe

fault. Theenergy becomestrappedabovethefaultandcreatesseveregroundmotionsabovethefaultnearthe

surfacerupture.

Figure10.53: Snapshotsof the magnitudeof the velocity vectoron a north-southverticalslice throughthe
centerof thefault for scenariofault0km.Thewhite line indicatestheprojectionof thefault ontothevertical
slice,andtheyellow circle identifiesthehypocenter.

The maximumhorizontalandvertical displacementsin figure 10.54provide a good indication of the

severity of thegroundmotionsnearthesurfacerupture.Theentrapmentof theseismicwavesabovethefault
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causesnearlyall the motion to occuron the hanging-wall sideof the fault. The peakmaximumhorizontal

displacementsexceed2.0m over an areaof about200 squarekilometerswith a peakvalueof 6.2m where

the rupturehits thesurface.Although themaximumverticaldisplacementsdo not reachthe samelevelsas

themaximumhorizontaldisplacements,they do exceed2.0m alongmuchof thesurfacerupture.

Figure10.54: Maximum magnitudesof the horizontalandvertical displacementvectorsat eachpoint on
thegroundsurfacefor scenariofault0km. Thewhite line indicatestheprojectionof thefault planeonto the
groundsurface,andtheyellow circle identifiestheepicenter.

The extent of the dynamicinteractionbetweenthe seismicwavesandthe slip on the fault dependson

the width of the rupturefront, i.e., theareawhereslip is occurring. Figure10.55displayssnapshotsof the

magnitudeof the velocity on the vertical slice throughthe fault centerlinefor scenariocombo0km,which

usestheslip- andrate-weakeningfriction model.Theshearre-strengtheningnarrowstherupturefront which

limits the areawherethe seismicwaves may interactwith the rupture. Consequently, we do find larger

velocitiesabove the fault asin scenariofault0km,but the asymmetryacrossthe fault occursover a smaller

area.Comparingthe maximumhorizontaldisplacementsfrom scenariofault0km(figure 10.54)with those

from scenariocombo0km(figure10.56),weseeasubstantialdecreasein thevaluesresultingfrom thesmaller

amountof dynamicinteractionbetweentheseismicwavesandtherupture.While thelargestmotionscontinue

to occuron the hangingwall, the peakmaximumhorizontaldisplacementdecreasesfrom 6.2m to 4.0m.

Thus, the lack of any shearre-strengtheningin the slip-weakening friction model tendsto accentuatethe

dynamicinteractionbetweentheseismicwavesandthefault ruptureandtheentrapmentof thewavesabove

thefault.

Wenow examinethedisplacementtimehistoriesin thenorth-southandverticaldirectionsatsitesS1and

S2givenin figure10.57for all threefaultdepths.At siteS1,which sitson thehanging-wall sideof thefault,

we find a substantialincreasein the peakdisplacementson both componentsaswe move the fault closer

towardsthesurfacewhile usingthesameslip-weakeningfriction model; thepeakvaluesin thenorth-south

directionincreasefrom 0.38m to 0.74m and1.5m. Whenweusetheslip- andrate-weakeningfriction model,
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Figure10.55: Snapshotsof the magnitudeof the velocity vectoron a north-southverticalslice throughthe
centerof thefault for scenariocombo0km.Thewhiteline indicatestheprojectionof thefaultontothevertical
slice,andtheyellow circle identifiesthehypocenter.

Figure10.56:Maximummagnitudesof thehorizontalandverticaldisplacementvectorsat eachpoint on the
groundsurfacefor scenariocombo0km.The white line indicatesthe projectionof the fault planeonto the
groundsurface,andtheyellow circle identifiestheepicenter.

thesmalleramountof dynamicinteractionbetweentheseismicwavesandtheruptureleadsto anaverageslip

of 1.1m comparedto the 2.5m whenwe usethe slip-weakeningfriction model. As a result,we observe

muchsmallerdisplacements.Thedelayin theonsetof the largeamplitudedisplacementsat siteS1 for the

two casesof surfacerupturestemsfrom theslower rupturespeedin thesoftermaterialnearthesurface.

At siteS2weobservelittle motionin theverticaldirection,but thepeakdisplacementsin thenorth-south
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Figure10.57:Comparisonof north-southandverticaldisplacementtime historiesat sitesS1andS2for the
threefault depths.Thecomboin thelegendrefersto theslip- andrate-weakeningfriction model.

directionexceed1.0m whenwe usethe slip-weakeningfriction modelandthe top of the fault lies within

4.0km of thegroundsurface.Basedon theseverity of thegroundmotionsassociatedwith thecombination

of the slip-weakeningfriction modelandthe surfacerupture,we arenot surprisedto find the 1.0m of dis-

placementat siteS2 for scenariofault0km. As we notedin our discussionof siteS1,we find muchsmaller

displacementswith thetop of thefault at thegroundsurfacewhenwe usetheslip- andrate-weakeningfric-

tion model.Comparingthetimehistoriesfor scenariosfault4kmandunistrainwefind similarshapedarrivals

nearthe endof the time history. We attribute the pulsein scenariounistrainwith a secondslip event near

thehypocenter, andwe find a similar sucheventin scenariofault4km.Becausethefault sits4.0km closerto

thesurfacein scenariofault4km,theamplitudeof themotionat siteS2from this secondslip eventexceeds

1.0m, comparedto thepeaknorth-southdisplacementof 0.30m in scenariounistrain.

Figure 10.58shows the maximumhorizontaldisplacementsand velocitiesalong the north-southline

runningover thecenterof thefault for eachof thethreefault depths.We alsooverlaythenear-sourcefactor

from the1997UBC for eachcase.For thetwo casesof surfacerupture(scenariosfault0kmandcombo0km),

we find that the maximumvelocitiesroughly match(3.3km/secand3.2km/sec), while the displacements

from scenariofault0km(slip-weakeningfriction model)exceedthosefrom scenariocombo0km(slip- and

rate-weakening friction model) by 54%. As discussedabove, this differencestemsfrom the larger area

wheretheseismicwavesinteractwith therupturein scenariofault0kmcomparedto scenariocombo0km.For

thesetwo caseswith surfacerupture,we find that the peakvaluesof the near-sourcecurve encompassthe
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locationsof thepeakmaximumdisplacementsandvelocities.ThisshouldbeexpectedbecausetheCalifornia

Division of Mines andGeologyincludesthrust faultswith surfacerupturein the mapsusedto determine

the near-sourcefactor. As we lower the top of the fault, the peakmaximumdisplacementsandvelocities

shift towardstheup-dipdirection. Whenthetop of the fault sits4.0km below thegroundsurface,thepeak

maximumhorizontalvelocityoccursat theedgeof theregion wherethenear-sourcecurve is at a maximum.

As discussedin theprevioussections,themaximumdisplacementsandvelocitiesalongthis line fall outside

this regionwhenwebury thetop of thefault 8.0km below thegroundsurface.
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Figure10.58:Maximummagnitudesof thehorizontaldisplacementandvelocityvectorsalonganorth-south
line runningover thecenterof thefault for thethreedepthsof thetop of thefault. Thecomboin thelegend
refersto theslip- andrate-weakeningfriction model.Thethick, dashedline indicatesthenear-sourceground
motionfactor, Nv, from the1997Uniform Building Codefor thethreefault depths.

HypocenterLocation

We move the locationof theshearasperitythatstartstherupture6.3km up-dipalongthefault centerlinein

orderto move the hypocenterfrom a depthof 13.4km (scenariounistrain)to a depthof 11.0km (scenario

hymc).Thedeephypocentersitsroughly4.0km up-dipfrom theonedenotedbottomcenterin theprescribed

rupturesandlabeledHA in figure7.31. The shallow hypocentermatchesthe middle centerlocationin the

prescribedrupturesandis labeledHD in thefigure.Thechangein thehypocenterlocationsufficiently alters

thedynamicsof theruptureto remove thesecondslip eventnearthebottomof the fault thatwe observe in

scenariounistrain.Additionally, in scenariohymcthebilateralnatureof theruptureincreaseswith thecentral

locationof thehypocenter.
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Thesetwo factorshave little impacton thegroundmotionsat siteS1. In figure10.59we observealmost

no changein theshapeof eitherthenorth-southor verticalcomponents,andlessthana 17%changein the

peakvelocity. Theslightly earlierarrivalscorrespondto theshortertravel time from theshallow hypocenter

comparedto the deephypocenter. In the north-southdirectionat site S2, the lack of the secondslip event

in scenariohymc,coupledwith the strongerbilateralnatureof the rupture,removesthe velocity pulsethat

occursat 16secin scenariounistrainandaddsthe broad,doublepulsein velocity thatarrivesat 10sec. In

theverticaldirectionwe observe a broadeningof thesmall amplitudepulse,but only a moderatechangein

amplitude.
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Figure10.59: Comparisonof north-southandverticalvelocity time historiesat sitesS1andS2 for the two
hypocenterlocations.

The shift in the hypocenterlocation to a shallow depthdoesreducethe groundmotionsup-dip from

the top of the fault. Figure10.60displaysthe maximumhorizontaldisplacementsandvelocitiesalongthe

north-southline over the centerof the fault. Remarkably, the only significantchangesin the curve of the

maximumdisplacementsoccurin thefirst 15km that lie up-dip from the top of thefault. In this region the

valuesdecreasewith the shallower hypocenter. The maximumvelocitiesexhibit a moreuniform decrease

alongtheline with theshift in thehypocenterto themiddleof thefault. We do find a slightly greaterrelative

decreasein thepeakmaximumvelocity thatoccurs5.0km up-dipfrom thetopof thefault. This is consistent

with the decreasein the maximumdisplacementsin the sameregion. With the changein the curvesof the

maximumdisplacementsandvelocities,wefind abettermatchbetweenthecurvesfor scenariohymcandthe

shapeof thenear-sourcefactor. Thenear-sourcefactordoesnot conformto the local peakin themaximum
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displacementsthat in both scenariossits about26km north of the top of the fault. As we notedin our

discussionof thescenarioswith thedifferentinitial sheartractions,this peakbecomessignificantonly when

thegroundmotionsnearthetop of thefault aresmall,sowedo not find this a significantdifferencebetween

thecurvesof themaximumhorizontaldisplacementsandvelocitiesandthenear-sourcefactor.
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Figure10.60:Maximummagnitudesof thehorizontaldisplacementandvelocityvectorsalonganorth-south
line runningover thecenterof thefault for thetwo hypocenterlocations.Thethick, dashedline indicatesthe
near-sourcegroundmotionfactor, Nv, from the1997Uniform Building Code.

Heterogeneityin Initial ShearTractions

We introduceheterogeneityinto the initial sheartractionsthroughthe strainfield. We createboth weakly

heterogeneous(scenarioshearweak)andstronglyheterogeneous(scenarioshearstrong)distributionsof the

initial sheartractions.Thedistributionseachcontain20asperitieswith uniformdistributionsof radii between

3.0km and8.0km anduniform randomdistributionsof locationsalongthestrike anddip. We do not allow

the asperitieswithin 2.0km of the edgesof the fault to preventalterationof the taperingin shearstresses.

As in thestrike-slipscenarioswith heterogeneousshearstresses,weuniformly distributetheasperityheights

betweenplus and minus 30% and60% of the nominal strain field (equation(10.10)) for the weakly and

stronglyheterogeneousdistributions.

Figure10.61shows the initial shearstresses,the shearstressesat failure,andthe sliding shearstresses

on thefault surfacefor scenarioshearstrong.For scenariosshearweakandshearstrongthefriction modelre-

mainsthesameastheonein scenariounistrain,sothattheshearstressesat failureandminimumslidingshear

stressesremainrelatively uniform. We alsocreatescenariomeltstrongwhich featuresa stronglyheteroge-
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neousdistributionof initial sheartractionsandthemelting-refreezingfriction model(equation(10.12))from

scenariomelt8km.To createthestronglyheterogeneoussheartractionsfor scenariomeltstrongwith thelarger

dynamicstressdrop,we superimposethetectonicstrainasperitiesfrom scenarioshearstrongon thetectonic

strainsfrom scenariomelt8km.This createsa stronglyheterogeneousdistributionof sheartractionswith the

appropriatenominalmaximumdynamicstressdropof 6.5MPa thatwe needto generatecomparableslip to

thatin scenariounistrainwith themelting-refreezingfriction model,whichcontainsshearre-strengthening.

Figure10.61: Initial (blue), failure (red),andminimumsliding (green)shearstresseson the thrustfault for
scenarioshearstrong.

We comparethedistributionsof final slip andmaximumslip ratefrom scenariosshearstrongandmelt-

strongwith thosefrom scenariounistrain(figure 10.41)to determineif the heterogeneoussheartractions

introduceheterogeneityin the distributionsof final slip andmaximumslip rate. As shown in figure10.62,

whenwe usetheslip-weakeningfriction model,thestronglyheterogeneoustractionshave little effecton the

final slip distribution but do introducesomeheterogeneityin the maximumslip rate. The local extremain

themaximumslip ratecorrelatewith theextremain theinitial sheartractions.Comparingthedistributionsof

final slip for scenariosshearstrongandunistrain,wefind thatthemostnoticeabledifferenceoccursin thetop

eastcornerof thefault, wheretheslip decreasesin responseto thesmallermaximumslip rates.In scenario

meltstrong(figure 10.63)we find a strongcorrelationbetweenthe distributionsof final slip andmaximum

slip rate. While theaveragemaximumslip rateincreasesfrom 0.80m/secin scenariounistrainto 1.2m/sec

in scenariomeltstrong,we observe no changein the averageslip (1.2m). Theselargerslip ratesallow the

ruptureto generatethesameslip over a shorterperiodof time thatcorrespondsto thenarrower width of the

rupturefront. Thus,we find that the shearre-strengtheningin the friction model localizesthe slip, which

enablestheheterogeneityin sheartractionsto createaheterogeneousslip distribution.

Theheterogeneityin thedistribution of final slip in scenariomeltstronginfluencesthemaximumveloci-

ties. Comparingthemaximumhorizontalandverticalvelocitiesfrom scenariounistrainin figure10.44with

thosefrom scenariomeltstrongin figure 10.64,we seea generalshift towardslargervaluesin the forward

direction. The locationof the largestshearstressesnearthe top of the fault tendsto increasethe ground
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Figure10.62:Distributionsof final slip andmaximumslip rateat eachpoint on thethrustfault for scenario
shearstrong.

Figure10.63:Distributionsof final slip andmaximumslip rateat eachpoint on thethrustfault for scenario
meltstrong.

motionsabove the top of the fault. Thus,for this randomdistribution of asperities,the local effectsof the

asperitieswith largeshearstresses,whichtendto increasethegroundmotions,overcomethegeneraleffectof

theheterogeneity, which tendsto decreasethegroundmotions.Thepeakmaximumverticalvelocity remains

above thetop of thefault, but thelargestmaximumhorizontalvelocitiesshift to above thesouthwestcorner

of thefaultwherethegreatestslip andmaximumslip ratesoccur. Thedistributionof themaximumhorizontal

velocitiescontinuesto containlocal maximaalongtheeast,south,andwestedgesof thesurfaceprojection

of thefault.

We comparethevelocity time historiesat sitesS1andS2to gaugethesensitivity of thegroundmotions

to the heterogeneityin the tectonicstrains. The north-southand vertical velocitiesat site S1, which are

displayedin figure 10.65 for the four scenarios(unistrain,shearweak,shearstrong,meltstrong),all have

the samegeneralshape. The different timing of the peakvelocitiesreflectsthe variability in the rupture

speedas the rupturesencounterthe different degreesof heterogeneity. The peakvelocitiesin the north-

southdirectionvary from 0.16m/secin scenariounistrainto 0.31m/secin scenarioshearweak.At siteS2the

verticalvelocitiesexhibit little variationacrossthefour scenarios.In thenorth-southdirectionthepresenceor

absenceof thesecondslip eventnearthehypocenterstronglyinfluencesthevariability in thegroundmotion.

Scenariosunistrainandshearstrongbothcontainthesecondslip eventandthelargevelocitypulsesataround
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Figure 10.64: Maximum magnitudesof the horizontaland vertical velocity vectorsat eachpoint on the
groundsurfacefor scenariomeltstrong.The white line indicatesthe projectionof the fault planeonto the
groundsurface,andtheyellow circle identifiestheepicenter.

15sec.Moreover, scenariosshearweakandmeltstrongdo not containthesecondslip event,andthevelocity

timehistoriesdiffer considerably, bothfrom theothertwo scenariosandfrom eachother.

Despitethe wide variability in the velocity time histories,the maximumhorizontaldisplacementsand

velocitiesalongthenorth-southline overthecenterof thefaultchangelittle in shapeacrossthefour scenarios,

asshown in figure 10.66. In contrastto the strike-slip simulationswherethe additionof heterogeneityin

the initial tractionstendsto decreasethemotion, theadditionof heterogeneitytendsto increasetheground

motionsonthegroundsurfacefor thethrustfault. As discussedabove,weattributethisincreaseto therandom

locationof theasperitieswith largeshearstressesnearthesurface.Theseasperitiesaremostprevalentin the

stronglyheterogeneousdistribution of the initial sheartractions. The larger slip and fasterslip ratesnear

the top of the fault in scenariomeltstronglead to substantiallygreaterpeakmaximumdisplacementsand

velocitiescomparedto the otherscenarios.Nevertheless,we observe no shift in the location of the peak

relative to the top of the fault; the peakcontinuesto fall 5.0km southof the top of the fault andoutside

the region with the largestnear-sourcefactor. In the forward direction (southof the top of the fault) the

curvesfor scenariosshearweakandshearstrongshow negligible sensitivity to the increasein heterogeneity

in thetectonicstrains.Thesecondslip eventnearthehypocenterin scenarioshearstrongdoescreatelarger

maximumdisplacementsandvelocitiesin thebackwarddirectioncomparedto scenarioshearweak.

Heterogeneityin Friction Model Parameters

We createheterogeneityin the lithothrustuffriction modelby following the sameprocedurethatwe useto

createheterogeneityin the friction modelfor thestrike-slipsimulations.We independentlyvary thecoeffi-

cientsin theexpressionsfor µmax andµmin by 20%and40%aboveandbelow thenominalvalueto generate

weaklyandstronglyheterogeneousdistributions. We do not includeheterogeneityin thecharacteristicslip
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Figure10.65:Comparisonof north-southandverticalvelocity time historiesat sitesS1andS2for the four
casesof heterogeneityin theinitial sheartractions.
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Figure10.66:Maximummagnitudesof thehorizontaldisplacementandvelocityvectorsalonganorth-south
line runningover thecenterof thefault for thefour casesof heterogeneityin theinitial sheartractions.The
thick, dashedline indicatesthenear-sourcegroundmotionfactor, Nv, from the1997Uniform Building Code.
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distance,but thefluctuationsin themaximumandminimumvaluesof thecoefficient of friction createhet-

erogeneityin thefractureenergy. Thesizeandlocationof the20 asperitiesfollow thesameguidelinesasthe

asperitiesthat we usein the previoussectionfor the initial tectonicstrains. We apply the initial shearand

normaltractionsfrom scenariounistrain,exceptthat we adjustthe heightof the shearasperitysuchthat it

is 2.0%over theshearstressrequiredfor failure. Scenariofrictionweakusestheweaklyheterogeneousfric-

tion modelparametersandscenariofrictionstrongusesthestronglyheterogeneousfriction modelparameters.

Figure10.67shows the initial shearstresses,theshearstressesat failure,andtheminimumsliding stresses

on thefault surfacefor scenariofrictionstrong.

Figure10.67: Initial (blue), failure (red),andminimumsliding (green)shearstresseson the thrustfault for
scenariofrictionstrong.

Our stronglyheterogeneousfailure stressesin scenariofrictionstrongdegradethe ability of the rupture

to propagateandproduceanaverageslip of only 0.83m. Fromthedistributionsof final slip andmaximum

slip ratein figure10.68,we find thata largeregion in thetop westcornerdoesnot fail. Additionally, theslip

alongtheeasternsideof thefault remainsrelative low despitethelocalpeakin themaximumslip rate.As in

thecaseof heterogeneityin thetectonictractionswith theslip-weakeningfriction model,theslip distribution

remainsrelatively homogeneous;the distribution of the maximumslip rateexhibits a greatersensitivity to

theheterogeneitythanthedistributionof final slip.

Theheterogeneityin combinationwith smalleraverageslipsreducesthedisplacementamplitudes,espe-

cially at site S1. Figure10.69shows the sharpestshearwave arrival at site S1occursin scenariounistrain

with thehomogeneousparametersin thefriction model.As weincreasetheheterogeneity, theamplitudesde-

creaseandthearrivalsbecomemoregradualdespitelittle changein theaveragerupturespeed.Certainly, the

reductionsin theaverageslip from 1.2m in scenariounistrainto 1.0m and0.83m in scenariosfrictionweak

andfrictionstrongreducetheamplitudeof themotion.Theperturbationsin therupturespeedalsocontribute

to thereductionin theamplitudeof themotionby disruptingthereinforcementof theshearwaveby therup-

ture. At siteS2we continueto find little variationin theverticalcomponent.We alsofind theinitial portion

of thedisplacementtimehistoriesin thenorth-southdirectionrelatively insensitiveto theheterogeneityin the



218

Figure10.68:Distributionsof final slip andmaximumslip rateat eachpoint on thethrustfault for scenario
frictionstrong.

friction model. The secondslip event nearthe hypocenterin scenariofrictionstrongproducessignificantly

lessslip thantheonesin scenariosunistrainandfrictionstrong.Thiscreatesthevariability in thenorth-south

componenttowardsthecentralportionof thetimehistory.
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Figure10.69:Comparisonof north-southandverticaldisplacementtime historiesat sitesS1andS2for the
threecasesof heterogeneityin theparametersof thefriction model.

The heterogeneityin the friction model createsmoderateperturbationsin the shapeof the maximum

horizontaldisplacementsandvelocitiesalongthe north-southline that runsover the centerof the fault as

shown in figure10.70.Comparingthemaximumdisplacementsfrom scenariofrictionweakwith thosefrom

scenariounistrain,we observe a shift in the peakvaluestowardsthe north, with the peakvalueoccurring
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almostdirectly above the top of the fault. On the otherhand,the peakmaximumhorizontaldisplacement

for scenariofrictionstrongremainsat aboutthe samelocationasthat in scenariounistrain. The maximum

horizontalvelocitiesdisplaysimilartrends.Theshapesof thecurvesfor scenariosunistrainandfrictionstrong

match,while themaximumvelocitiesfor scenariofrictionweakcontainsa local peak13km northof thetop

of thefault thatis not presentin theothercurves.In general,themaximumdisplacementsandvelocitiesfor

thehomogeneousfriction modelexceedthosefrom theheterogeneousfriction modelcases.Thenear-source

curvecontinuesto misstheshapeof themaximumdisplacementsandvelocitiesby notextendingsufficiently

farenoughin theup-dipdirection.
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Figure10.70:Maximummagnitudesof thehorizontaldisplacementandvelocityvectorsalonganorth-south
line runningover thecenterof thefault for thethreecasesof heterogeneityin thefriction model.Thethick,
dashedline indicatesthenear-sourcegroundmotionfactor, Nv, from the1997Uniform Building Code.

10.2.3 Comparisonwith PrescribedRuptures

In our analysisof the groundmotionsduring the sensitivity study, we notedsomeof the similarities and

differencesbetweenthe prescribedrupturessimulationsin section7.2 andthe dynamicfailuresimulations.

We will highlight someof the fundamentaldifferencesbetweenthe prescribedrupturesand the dynamic

rupturesby examininga dynamicfailure scenarioanda prescribedrupturescenariofor the casewherethe

top of thefault liesat adepthof 8.0km andthecasewherethetop of thefault liesat thegroundsurface.
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Blind Thrust

We comparethe dynamicfailurescenariounistrain2with the prescribedrupturescenariobase,becausethe

rupturefeaturesof scenariounistrain2bestfit scenariobase.The rupturespeedof 88% of the local shear

wave speedandpeakmaximumslip rateof 1.7m/secprovide a goodmatchto therupturespeedof 80%of

thelocal shearwave speedanduniform maximumslip rateof 1.5m/secin scenariobase;however, scenario

unistrain2generatesanaverageslip of 1.6m comparedto the1.0m slip of scenariobase.

Figure10.71shows the velocity time historiesat site S1 andS2 for both scenarios.At both siteswe

observe a goodmatchin thegeneralshapesof the time historiesfor both thenorth-southandverticalcom-

ponents. In the vertical directionat site S1 the peakvelocitiesdiffer by lessthan15%. Similarly, in the

north-southdirectionthe peaknegative velocitiesdiffer by lessthan10%. The narrower velocity pulsefor

theprescribedrupturescenariocreatesapeakpositivevelocity82%greaterthanthepeakpositivevelocity in

thedynamicfailurescenario.Thisdifferencecorrespondsto thedirectiondependenceof therupturespeedin

thedynamicfailurescenariothatwe do not includein theprescribedruptures.Theapparentrupturevelocity

towardssiteS1decreasesastherupturebecomesmorebilateralin naturetowardstheendof theearthquake.

As a result,theenergy arrivesat siteS1overa longertime interval. This increasesthewidth of thevelocity

pulseandreducesthe peakvelocity. At site S2 we find betteragreementin the north-southdirectionthan

in theverticaldirection.SiteS2lies at theepicenterandreceivesmoreenergy astherupturebecomesmore

bilateral.Hence,becausethebilateralnatureof thedynamicruptureincreasesasit propagates,at siteS2the

amplitudesof themotionin thedynamicfailurescenariobecomeprogressively largerrelative to thosein the

prescribedrupturescenario.

Along thenorth-southline runningoverthecenterof thefault,weobserveaclosematchin themaximum

horizontaldisplacementsandvelocitiesasdisplayedin figure 10.72. The dependenceof the rupturespeed

on thedirectionof propagationrelative to theslip directionhasmuchlessimpacton thesitesnearthecenter

of the fault, becausethey lie closeto azimuthsof 0 or 180 degrees. As a result, the maximumvelocities

from scenariounistrain2exhibit anexcellentmatchwith thosefrom scenariobase.Thelargerslip in scenario

unistrain2causesthe maximumdisplacementsfrom the dynamicfailure scenarioto exceedthosefrom the

prescribedrupturescenario.Nevertheless,the shapesof the curvesshow minimal variation. For both sce-

nariosthepeakmaximumdisplacementsandvelocitiesoccuroutsidetheregionwherethenear-sourcecurve

attainsits maximumvalue.

SurfaceRuptur e

Whenwe raisethe top of the fault to thegroundsurface,the low sliding stresseson the fault allow entrap-

mentof the seismicwavesabove the fault. This generateslarge slips nearthe surfaceandsevereground

motionon thehanging-wall sideof thesurfacerupture.Theprescribedrupturesdo not containthis dynamic

interactionbetweentheseismicwavesandslip. As we discussedin section10.2.2,thedegreeto which this
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Figure10.71: Comparisonof north-southandverticalvelocity time historiesat sitesS1andS2 for thedy-
namicfailurescenariounistrain2andtheprescribedrupturescenariobase.
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interactionoccursdependson thewidth of therupturefront. Theslip-weakeningfriction model,which tends

to createwide rupturefronts, accentuatesthis effect. Consequently, we will comparethe dynamicfailure

scenariocombo0km,which usestheslip- andrate-weakeningfriction model,andtheprescribedrupturesce-

nario fault0kmto seehow the inclusionof the dynamicinteractionchangesthe groundmotion. Scenarios

combo0kmandfault0kmhave comparableaverageslips(1.1m and1.0m) andaveragemaximumslip rates

(1.1m/secand1.5m/sec),but scenariocombo0kmhasa much larger peakmaximumslip rate (6.1m/sec

comparedto 1.5m/sec).

At siteS2wefind little differencein thedisplacementtimehistoriesbetweenthedynamicfailurescenario

(combo0km)and the prescribedrupturescenario(fault0km). At site S1 we observe no differencesin the

arrival timesof the phases,but the amplitudesdiffer considerably. The peakdisplacementin the vertical

directionfor the prescribedrupturescenarioexceedsthat of the dynamicfailure scenarioby 58% (0.41m

comparedto 0.26m). In thenorth-southdirection,wefind a largerpeakdisplacementfor thedynamicfailure

scenario(0.82m) comparedto theprescribedrupturescenario(0.56m). Furthermore,we observealmostno

differencebetweenthe peakpositive andnegative displacementsfor the prescribedrupture,while the peak

negativedisplacementfor thedynamicfailuresimulationis muchlargerthanthepeakpositivedisplacement.

We attribute this distinct differencein the shapeof the waveformsto the dynamicinteractionbetweenthe

seismicwavesandtherupturein thedynamicfailurescenario.Thus,while thedynamicinteractionbetween

theseismicwavesandthe rupturehaslittle affect on the waveformsaway from thesurfacerupture,it does

affect theamplitudesandshapesof thewaveformsnearthesurfacerupture.
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Figure10.73:Comparisonof north-southandverticaldisplacementtime historiesat sitesS1andS2for the
dynamicfailurescenariocombo0kmandtheprescribedrupturescenariofault0km.
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10.3 Discussion

10.3.1 Summary of Rupture Behavior and Ground Motions

The layeredhalf-space,in contrastto the homogeneoushalf-space,allows examinationof how parameters

in thedynamicfailuresimulationsdependon thematerialproperties.This includesdistinguishingbetween

applicationof a uniform strainfield anda uniform stressfield, andhow thecoefficientof friction varieswith

thematerialproperties.

Uniform StressVersusUniform Strain

Thevariationof thematerialpropertieswith depthleadsto differentdistributionsof theinitial sheartractions

on the fault surfacedependingon whetherwe applya relatively uniform stressfield or a relatively uniform

strainfield. On thestrike-slipfault with thedepthdependenceof thecoefficient of friction, we find thatap-

plicationof theuniformstrainfield createsmorerealisticruptures.In thesimulationwith uniformstress,the

rupturepropagatesnearthedilatationalwave speedandgeneratesslipsandslip ratesin excessof 10m and

10m/secat thegroundsurface.On theotherhand,in thesimulationwith uniform strain,therupturepropa-

gatesat 88%of the local shearwave speed,andthefinal slipsandmaximumslip ratesremainbelow 2.5m

and1.5m/sec;however, therupturefails to reachthegroundsurface.Of course,thestressstateon a fault in

theearthevolvesover time dueto many factors,suchasplatetectonics,earthquakes,andviscoelasticcreep.

It probablylooksvery differentfrom botha uniformstressfield anda uniformstrainfield. Nevertheless,our

simulationslendsupportfor relatively uniform strainswith depthcomparedto relativeuniform stresseswith

depth.

Adjustment of Friction Model

We modify thefriction modelto accountfor thevariationin thematerialpropertieswith depth,basedon the

lackof surfacerupturethatoccurswhenweapplyuniformstrainsandincludeonly adepthdependencein the

friction model.Making thecoefficientof friction a functionof eithertheshearwavespeedor thesquareroot

of theshearmodulusintroducesreasonablevariationswith depthof theshearstressesat failureandtheshear

stressesduring sliding. Furthermore,this modificationremainsconsistentwith the depthonly dependence

thatweusein thehomogeneoushalf-spaces,becausethecoefficientof friction dependsonthequotientof the

squareroot of the shearmodulusandthe depth. We adjustthe friction modelto generaterealisticruptures

andadhereto restrictionson thechangein thermalenergy, but do not invoke any theoreticalbasisfor these

modifications. However, a numberof mechanismshave beenproposedfor low dynamic friction during

earthquakes(Ben-ZionandAndrews 1998;Melosh1996;Sleep1997;TworzydloandHamzeh1997). This

alterationof thefriction modelmoderatesthevariationof thecoefficientof friction with depthin thelayered

half-spacecomparedto thehomogeneoushalf-space.For example,aswegofrom adepthof 1.0km to adepth
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of 15.0km, thecoefficient of friction decreasesby 93%in a homogeneoushalf-space,while it decreasesby

only 80%in the layered-halfspace.Thus,the increasein thecoefficient of friction with theshearmodulus

partiallyoffsetsthedecreasein thecoefficientof friction with thedepth.

10.3.2 Sensitivity of Ground Motion to Variations in Parameters

Usingthestrike-slipandthrustsimulations,wegaugethesensitivity of thegroundmotionsto thevariationsin

thesimulationparameters.For thoseparameterspresentin theboththedynamicfailureandprescribedrupture

sensitivity studies,we comparethe sensitivity of the groundmotionsfrom the dynamicfailure simulations

with thosefrom theprescribedrupturesimulations.

Friction Model

Thegroundmotionsexhibit amoderatesensitivity to theintroductionof shearre-strengtheningin thefriction

model, i.e., recovery of the coefficient of friction as the slip ratesdecrease.By increasingthe maximum

dynamicstressdrop whenwe introduceshearre-strengthening,we preserve the generalcharacteristicsof

the rupture. As a result, we observe little changein the overall shapeof the waveforms. The slip rates

increasewith thegreatermaximumdynamicstressdrop,which leadsto a moderateincreasein thevelocity

amplitudes.Theswitchfrom theslip-weakeningfriction modelto eithertheslip- andrate-weakeningfriction

modelor themelting-refreezingfriction modelhasagreaterimpactonthegroundmotionsfor thethrustfault.

Thelocationof thehypocentercloseto theedgeof thethrustfault inhibits the initiation of therupture.The

increasein the dynamicstressdrop with the switch in the friction modelsresultsin fasterinitiation of the

ruptureandlargergroundmotions.This samebehavior doesnot occurin thesimulationswith thestrike-slip

fault,becausewe placethehypocenterwell away from theedgesof thefault.

Fault Depth

The severity of the groundmotionsincreasessubstantiallywhenwe allow the ruptureto reachthe ground

surface.Onboththestrike-slipandthrustfaultstherupturesgeneratesignificantlylargerslipsnearthesurface

thanat depth. As the rupturesencounterthe reducedresistanceto slip approachingthe groundsurface,the

slip andslip ratesincrease.This leadsto acorrespondingincreasein theamplitudesof thedisplacementsand

velocitiesnearthefault. Additionally, whenwe raisethethrustfault to thesurface,thedynamicinteraction

betweenlow slidingstressesonthefaultandtheseismicwavesabovethefaultcauseslargedisplacementsand

velocitiesonthegroundsurfaceabovethefault. Usingaslip-weakeningfriction model,Oglesbyetal.(1998)

observedsimilar behavior duringtwo-dimensionalsimulationsof dynamicfailureon a thrustfault subjected

to uniform initial stressesin a homogeneoushalf-space.Theslip-weakeningfriction modelwhich contains

no shearre-strengtheningaccentuatesthis effect, becauseit tendsto createwide rupturefronts. Using the

slip- andrate-weakeningfriction model,whichcontainsshearre-strengthening,weobservesignificantlyless
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dynamicinteraction. Nevertheless,we retain asymmetryacrossthe fault planewith much larger ground

motionson thehangingwall comparedto thefootwall. Thedependenceof thefriction modelon thematerial

propertiesexhibits a stronginfluenceon theshallow slip, andour ad hocchoiceof parametersin thefriction

modelmay alsoaccentuatethesenear-surfaceeffects. However, asin the prescribedruptures,we find that

thedepthof thefault displaysastronginfluenceon thegroundmotions.

HypocenterLocation

We observe the sametrendin thesensitivity of the groundmotionsto the locationof the hypocenterin the

dynamicfailuresimulationsthatwe find in theprescribedrupturesimulations.Thesensitivity of theground

motionsat a givensitedependson therelative changein azimuth.As we move thehypocenterlocation,the

groundmotionsshow little variationat sitesthat remainnearthesameazimuth.Whentheazimuthchanges

significantlywith differenthypocenterlocations,weobservelargechangesin thegroundmotions,especially

whenthesiteliesnearanodalline for oneof thehypocenterlocations.

Initial ShearTractions

On thethrustfaultwe find thatthegroundmotionsexhibit a strongsensitivity to thelevel of theinitial shear

tractions.Increasingthenominalsheartractionby17%with nocorrespondingincreasein thefailurestress(or

thefractureenergy) leadsto a 31%increasein therupturespeedanda 200–300%increasein themaximum

velocities.We expectthat thegroundmotionsdisplaya similar degreeof sensitivity to variationof thelevel

of the initial sheartractionson the strike-slip fault. Additionally, introducingheterogeneityinto the initial

sheartractionsgeneratesheterogeneityin the maximumslip rateandvariationsin the rupturespeed.The

peakdisplacementsandvelocitiesatsitesnearregionswith largerslip ratestendto increase,but thevariation

in therupturespeedtendsto causea generaldecreasein theamplitudeof themotion,becauseit disruptsthe

reinforcementof theshearwave by therupture.

At mostlocationson the groundsurfaceof the strike-slip fault simulations,the generaldecreasedomi-

natesthe local increases.Theseresultswith heterogeneousmaximumslip ratesmorecloselyresemblethe

sourceparameterizationusedby Graves(1998)thanthe prescribedruptureswith heterogeneousslip distri-

butionsin chapter7. As a result,theobserveddecreasesin themaximumdisplacementsandvelocitieswith

the introductionof heterogeneityin the initial sheartractionson the strike-slip fault areconsistentwith the

decreasesobservedby Graves.In theforwarddirectionon thegroundsurfaceof thethrustfault simulations,

the local increasesthatwe associatewith theproximity of theasperitiesdominatethegeneraldecreasethat

we associatewith thedisruptionof thereinforcementof theshearwaveby therupture.

Onbothfaultsreplacementof theslip-weakeningmodelwith themelting-refreezingfriction modelleads

to a substantialincreasein the heterogeneityin the distribution of the final slip. Theselocal changesin

slip andslip ratealter the shapesandamplitudesof the time histories. Thus,we find the groundmotions

exhibit astrongsensitivity to boththelevel of theinitial shearstressesandthedegreeof heterogeneity. These
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observationssuggestthat shearre-strengtheningmay play an importantrole in generatingheterogeneous

slip distributions. MadariagaandCochard(1996)suggestedthat any friction model that producesa large

dynamicstressdropcomparedto theaveragestressdropwill produceheterogeneityin thefinal shearstress.

Ultimately, this will leadto slip heterogeneity. On theotherhand,basedon kinematicinversionsof several

recentearthquakesDay et al. (1998) found that heterogeneityin the stressdrop alonemay generatethe

heterogeneityin thefinal slip. Our useof largeasperities(3.0–8.0km in radius)in the initial shearstresses

maynotprovidesufficientheterogeneityin thestressdropto arresttheruptureatalocal levelwhenweusethe

slip-weakeningfriction model.As a result,thedistributionsof final slip closelyresemblethefinal slip from

a uniform stressdrop earthquake. Thus,we cannotdismissthe possibility that the slip-weakeningfriction

modelwith greaterheterogeneityin theinitial sheartractionswill producethesamelevel of heterogeneityin

thedistribution of final slip that is generatedby themelting-refreezingfriction modelwhich containsshear

re-strengthening.

Heterogeneityin Friction Model Parameters

The groundmotionsgenerallydisplaylesssensitivity to the heterogeneityin the parametersof the friction

modelthanthey do to theinitial sheartractions.For thestrike-slipfault theintroductionof weakheterogene-

ity hasnegligible impacton the groundmotions. On the thrust fault the introductionof the samelevel of

heterogeneityreducestheamplitudeof thegroundmotions.Onbothfaults,thevariationin therupturespeed

with thestrongheterogeneityin thefriction modelparametersleadsto a substantial,generaldecreasein the

peakdisplacementsandpeakvelocities.

10.3.3 Dynamic Failur eversusPrescribedRuptures

In thedynamicfailuresimulationswe do not a priori know thecharacteristicsof therupturebehavior. In the

prescribedruptureswe have completecontrol over the time historiesat eachpoint on the fault, so that we

know the behavior of the rupturebeforerunningthe simulation. Furthermore,many aspectsof controlling

the rupturestill remaina mystery, andreasonablerupturesareoften createdby trial anderror (Madariaga

et al. 1998; Olsenet al. 1997). On the other hand,the dynamicfailure simulationsmay generatemuch

morephysicallyrealisticruptures,becausethedynamicsof therupturecontrol therupturespeedandslip at

eachpoint on the fault; we needto know the initial conditionsandthe friction model,but not the complex

relationshipsbetweenrupturespeed,slip rate,andfinal slip. Unfortunately, we haveonly roughestimatesof

theinitial conditionsandthefriction models.

We find several importantdifferencesbetweenthesimulationswith prescribedrupturesandthesimula-

tions with dynamicfailure. In the dynamicfailure simulationsthe speedof the rupturedependson the di-

rectionof propagationrelative to theslip direction.As documentedby otherresearchers,suchasMadariaga

et al. (1998),therupturepropagatesneartheshearwave speedin thedirectionof slip, but at a slower speed
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in the directionperpendicularto slip. The absoluteandrelative speedsin the two directionsdependon the

fractureenergy, but we consistentlyobservea 20%reductionin thespeedof therupturein thedirectionper-

pendicularto theslip comparedto thedirectionparallelto theslip. In theprescribedrupturesimulationswe

assumea uniformrupturespeedrelative to theshearwavespeed.Thisdifferenceis minimalon long,narrow

faultswherethedirectionof slip coincideswith thelongerdimension,becausetherupturepropagatesalong

the fault neartheshearwave speed.However, whenthe slip directionis nearlyperpendicularto the longer

dimension,asis often thecaseon thrustfaults,the rupturepropagatesnearthe shearwave speedalongthe

shorterdimensionbut at a slower speedalongthe longerdimension.The contrastin rupturespeedsin the

two directionstendsto createarupturethatpropagatesprogressivelycloserto aright anglefrom thedirection

of slip. This reducesthereinforcementof theshearwave by theruptureanddecreasestheamplitudesof the

groundmotionsat sitesaway from anazimuthof zerodegrees.

Whenwe include heterogeneityin the initial shearstresses(throughthe tectonicstrains)or the shear

stressesat failure (throughheterogeneityin the friction model parameters),the ruptureslows down as it

encountersregionsfartherfrom failure (wherethe fractureenergy is larger)andspeedsup asit encounters

regionscloserto failure (wherethe fractureenergy is smaller). The degreeto which suchvariationsoccur

dependson thedynamicsof theruptureandthestateof stresson thefault. Olsenet al. (1997)foundsimilar

changesin rupturespeedin their simulationof the 1992Landersearthquake, which useda heterogeneous

initial distribution of shearstress.Thesechangesin the rupturespeeddisrupt the steadyreinforcementof

the shearwave by the ruptureandreducethe amplitudeof thegroundmotions. Additionally, the slip rates

increasewith thefasterrupturespeedin regionscloserto failure,which in turngeneratelargerslips.Further-

more,we observe heterogeneityin thefinal slip only whenstrongheterogeneityexists in themaximumslip

rate. In the prescribedruptureswe allow theruptureto continuepropagatingat a uniform speedregardless

of the heterogeneityin slip. This causesminimal disruptionin the steadyreinforcementof the shearwave

by the rupture. As a result,the groundmotionsin thedynamicfailuresimulationsexhibit a muchstronger

sensitivity to introductionof heterogeneityin theslip comparedto theprescribedrupturesimulations.

Thedynamicsof therupturealsoleadto phenomenonnot presentin theprescribedruptures.In mostof

the strike-slip simulationsthe rupturereflectsoff the free surfaceandgeneratesa secondslip event on the

fault below. Becausetherupturepropagatesaway from thegroundsurfaceduring this secondslip event, it

hasonly asmall impacton thegroundmotions.Whenwebury thethrustfault,wealsoobserveasecondslip

event in someof the simulations.The reflectionof the dilatationalwavesoff the groundsurfacegenerates

shearwaves that passesthroughthe fault. In somecasesthe dynamicshearstressescreatedby the shear

wavestrigger additionalslip nearthe hypocenter. This createsa significantvelocity pulsethat we observe

late in the time history nearthe epicenter. Whenthe top of the thrust fault sits at the groundsurface,the

dynamicinteractionbetweentheruptureandtheseismicwavescauseslargegroundmotionson thehanging

wall.

As shown in figure10.74,theareassubjectedto a givenlevel of horizontaldisplacementor velocity re-
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mainsnearlythesamewhenweuseeitherprescribedrupturesor dynamicfailure.For thestrike-slipfaultwe

follow section10.1.5andcomparethedatafrom theprescribedrupturescenariohymqwith thedatafrom the

dynamicfailurescenariounistrain2,andfor the thrustfault we follow section10.2.3andcomparethe data

from the prescribedrupturescenariobasewith the datafrom the dynamicfailure scenariounistrain2. For

boththestrike-slipandthrustfaultswe find anexcellentmatchbetweenthecurvesassociatedwith themax-

imum velocities.Dueto differencesin theaverageslips(2.0m for scenariohymqversus1.9m for scenario

unistrain2for the strike-slip fault, and1.0m for scenariobaseversus1.6m for scenariounistrain2for the

thrustfault), the curvesassociatedwith the maximumdisplacementsfor the thrustfault displaylessagree-

mentthanthecurvesfor thestrike-slipfault. Thepeakmaximumhorizontaldisplacementsandvelocitiesfor

thedynamicfailuresimulationsexceedthosefrom theprescribedrupturesimulations.Thischangestheareas

wherethegroundmotionsexceeda givenlevel only at themostseverelevelsof motion.
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Figure 10.74: Areason the groundsurfacein the strike-slip (solid lines) and thrust fault (dashedlines)
domainswherethe maximumhorizontaldisplacementsandvelocitiesexceeda given valuefor prescribed
rupturescenariosbaseIIandbase(red)andthedynamicfailurescenariosunistrain2andunistrain2(blue).

10.3.4 Implications for Earthquake Engineering

Thesimulationswith dynamicfailuredemonstrateseveralimportantcharacteristicsof thebehavior of earth-

quakeruptures.Incorporatingthesecharacteristicsinto theprescribedrupturesallowscreationof morerealis-

tic earthquakesimulationswithoutexplicitly includingthedynamicsof theruptureprocess.With thelimited

databaseof stronggroundmotions,suchsimulationsplayanimportantrole in generatinggroundmotionsfor

engineeringdesign.Thedependenceof therupturespeedon thedirectionof propagationplaysanimportant

role in thegroundmotionsonblind thrustfaults,particularlyalongthelateraledgesof thesurfaceprojection

of thefault. This behavior maybeeasilyincorporatedinto prescribedruptures,becausethebehavior is well

defined.Othermorecomplex featuresthatmaybedifficult to incorporateinto theprescribedrupturesinclude:
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therelationshipbetweenthemaximumslip rateandtherupturespeed,andthevariationof therupturespeed

with heterogeneousslipsandslip rates.All of thesephenomenoninfluencethebehavior of theruptureandthe

groundmotions.Their inclusioninto prescribedruptureswould leadto morephysicallyrealisticsimulations

of earthquakesandmoreaccuratepredictionsof groundmotions.

Werevisit ourmodifiednear-sourcefactordescribedin section7.3.3to demonstratethatit appliesequally

well to thethrustfaultsimulationswith dynamicfailure.Figure10.75reproducesfigure10.58with thenear-

sourcefactorfrom the1997UBC replacedby themodifiednear-sourcefactorfor thethreefaultdepths.As in

theprescribedruptures,thepeakmaximumhorizontaldisplacementsandvelocitiesfor all threedepthsof the

fault occurnearthe centerof the regionswherethe correspondingmodifiednear-sourcefactorsattaintheir

maximumvalues.Whenwe apply the1997UBC near-sourcefactorto our thrustfault, thepeaksgenerally

lie outsidethis region. Thus, the shapeof the modifiednear-sourcefactordoesa betterjob of matching

the generalpatternof the severity of shakingfor both prescribedrupturesimulationsanddynamicfailure

simulationscomparedto the1997UBC near-sourcefactor.
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10.3.5 Geophysical Implications

Usingthestrike-slipandthrustfault simulations,we considerhow well our earthquakesin the layeredhalf-

spacefit theproportionalitybetweenaveragestressdropandaverageslip givenby equation(10.13),which
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appliesto homogeneoushalf-spaces.

∆σ ´ Cµ
D
w

(10.13)

Usingthedatafrom table10.2andtable10.4,figure10.76showsthattheproportionalitycontinuesto provide

a gooddescriptionof the relationship.The blueandred lines indicatethe averageproportionalitybetween

theaveragestressdropandaverageslip for thesimulationson thestrike-slip fault andthe thrustfault. The

blueandredsymbolsidentify thescenariosthatwe usein determiningtheproportionalityconstant.We do

not includethescenariosidentifiedby thegreensymbols,becausethey correspondto differentdepthsof the

fault,which we associatewith differentproportionalityconstants.If we usetheshearmodulusfrom a depth

of 6.0km, theblueandred linescorrespondto C ´ 0 ¢ 45 andC ´ 1 ¢ 5 in equation(10.13)for thestrike-slip

fault and the thrust fault. The valueof C ´ 0 ¢ 45 for the strike-slip fault falls below the valueof C ´ 0 ¢ 7
from equation(9.1). Thedifferencecorrespondsto thetendency for thelargerslipsto occurneartheground

surfacewherethe shearmodulusand,consequently, the stressdrop aresmaller. For blind thrust faultsno

relationshipshave beenfound relatingthe averagestressdrop to the averageslip asa function of the fault

dimensionsanddepthof thetop of thefault. As notedby Parsonset al. (1988),theproportionalityconstant

shouldbelessfor athrustfault thanfor thesamesizedstrike-slipfault,becauseof thereductionin therelative

stiffnessabove a thrustfault. Equation(9.1) yieldsa valueof C equalto 1.6 for a deeplyburiedstrike-slip

fault with the samedimensionsasour thrustfault. Consequently, our valueof C ´ 1 ¢ 5 falls slightly below

thatof thestrike-slipfault andis consistentwith thenumericalresultsof Parsonsetal.

0.0 0.5 1.0 1.5 2.0 2.5 3.0
0.0

1.0

2.0

3.0

4.0

Average Slip (m)

A
ve

ra
ge

 S
tr

es
s 

D
ro

p 
x1

06  (
P

a)

strike−slip    
thrust         
strike−slip fit
thrust fit     

Figure10.76:Averagestressdropasa functionof averageslip for thescenariosin thesensitivity studywith
thestrike-slipfault (triangle)andthethrustfault (square).Theblueandredlinesindicatethelinearfit created
usingcorrespondingblueandredscenarios.

Following theproceduredescribedin chapter4, we cancomputetheenergy balancefor eachearthquake
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generatedusingdynamicfailure. Restrictingour domainsto only a small fraction of the earthlimits the

termsin theenergy balanceto thechangein potentialenergy, theradiatedenergy, andthechangein thermal

energy (which includesthefractureenergy). Furthermore,we modelthe long-periodmotion,so thatwe do

not includethe energy radiatedat shortperiods. In figure 10.77we displaya typical energy balancefor a

strike-slipsimulation(scenariounistrain2)anda thrustfault simulation(scenariounistrain2).On bothfaults

thechangein thermalenergy generallyexceedsthe(long-period)radiatedenergy by a factorof two to three.

If we maintainthesamedynamicstressdropanddistancefrom failure(fractureenergy) but reducetheshear

stressesduringsliding, the rupturebehavior doesnot change.This leadsto smallerchangesin the thermal

andpotentialenergieswith nochangein theradiatedenergy. Becausewecandeterminethegeneralbehavior

of therupturefrom groundmotions,theradiatedenergy is muchmoreseverelyconstrainedby datafrom real

earthquakesthaneitherthechangein potentialenergyor thechangein thermalenergy. Assumingthatmelting

doesnotoccuron thefaultsurfacelimits thelevelsof shearstresseson thefaultsurfaceduringsliding. Since

the shearstressesduring sliding determinethe changein thermalenergy, we may constrainthe changein

thermalenergy by limiting thechangesin temperatureto valuesthatdonot imply melting.
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Figure10.77:Energy balancefrom thestrike-slipandthrustfault scenariosdenotedby unistrain2.

With theradiatedenergiesandaverageslipsfromthedynamicfailuresimulations,werevisit theGutenberg-

Richterrelationshipbetweenradiatedenergyandmagnitude.Figure10.78showsthedatafrom theprescribed

rupturesscenarios(given in figure7.64)andthe datafrom the dynamicfailurescenarios.Nearly all of the

simulationsfollow theGutenberg-Richterrelationshipbetweentheradiatedenergy andthemomentmagni-

tude.Thethrustfaultsimulationwith surfaceruptureandtheslip-weakeningfriction model(theredrectangle

on the bottomright) doesnot fit the relationship,becausethe dynamicinteractionbetweenthe ruptureand

theseismicwavescreatesvery largeslipsnearthesurface.Thelargeslipsleadto a largemomentmagnitude.

The large areawherethe dynamicinteractionoccursbetweenthe ruptureandthe seismicwavesgenerates

muchlargerslipsrelative to otherearthquakeswith thesameradiatedenergy.
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Figure10.78: Radiatedenergy asa function of momentmagnitudefor the strike-slip (triangle)andthrust
(square)earthquakesimulationswith bothprescribedruptures(blue)anddynamicfailure(red).

Theradiatedenergiesfrom thestrike-slipsimulationscontinueto beslightly largerthanthosepredictedby

theGutenberg-Richterrelationship,while theradiatedenergy from thethrustfaultsimulationscontinueto be

slightly smallerthanthosepredictedby theGutenberg-Richterrelationship.Thescatterof theeventsaboutthe

Gutenberg-Richterrelationshipappearsto bebasedon thefault geometry(strike-slipversusthrust)with the

scatterthatfalls nearthemedianof themomentmagnitudeof thesimulationscenteredabouttheGutenberg-

Richterrelationship.This suggeststhat the radiatedenergiesfrom thesimulationsareconsistentwith those

predictedby theGutenberg-Richterrelationshipandlikely fall within thescatterusedin its derivation.
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Chapter 11 Conclusionsand Futur eWork

11.1 Conclusions

We simulatedthe long-periodnear-sourcegroundmotionsfrom earthquakesusingbothprescribedruptures

anddynamicfailure. We modeledthe earthquake sourceby introducingslip degreesof freedomto create

dislocationsin the finite-elementmodel. For prescribedruptureswe specifiedthe displacementof the slip

degreesof freedomto createslip on thefault. In thesimulationswith dynamicfailure,thefriction modelde-

terminedtheforcesactingon theslip degreesof freedom,andthedynamicsof theruptureprocesscontrolled

theslip on thefault. In bothcasestheuseof slip degreesof freedomallowedarbitraryorientationof thefault

plane.

Usingprescribedruptureswe examinedthesensitivity of thenear-sourcegroundmotionto variationsin

the materialpropertiesandfive earthquake sourceparameters.The groundmotionsexhibited the strongest

sensitivity to thedepthof theruptureandthematerialproperties.Thegroundmotionsalsoshowedmoderate

to strongsensitivitiesto therupturespeed,themaximumslip rate,andtheaverageslip. Addingheterogeneity

to theslipdistributionhadlittle impactonthelong-periodgroundmotions,especiallyin theforwarddirection.

Thus,in orderto accuratelymodelgroundmotion, in particulargroundmotion for engineeringdesign,we

mustcarefullyselectthe valuesfor thoseparametersthat causethemostvariability in the resultingground

motion. In all of thesimulations,thedirectivity of therupturecreatedlargedisplacementandvelocitypulses

in the forwarddirection. Additionally, shallow rupturesgeneratedsurfacewavesthatcausedseveralcycles

of largeamplitudemotion. Whenwe raisedthedepthof thefault andmaintainedthesameslip distribution

and fault area,the momentmagnitudedecreasedwhile the groundmotionsbecamelarger. Consequently,

theseismicpotency, which doesnot dependon theshearmodulus,provideda slightly bettermeasureof the

severity of theshaking.

For strike-slipfaultsandthrustfaultswith surfacerupture,we founda goodmatchbetweentheseverity

of theshakingandtheshapeof thenear-sourcefactorfrom the1997Uniform Building Code.On theother

hand,for blind thrustfaultstheregionsubjectedto themostsevereshakingfell up-dipfrom theregionwhere

the near-sourcefactorreachesits maximumvalue. We demonstratedthat modifying the near-sourcefactor

for blind thrustfaults,so that it usesthe up-dip projectionof the fault planeinsteadof the top of the fault,

extendsthe region wherethe near-sourcefactor is at its maximumvalue. As a result, the region with the

maximumnear-sourcefactorencompassedtheareasubjectedto thestrongestshakingfor bothstrike-slipand

thrustfaults.

By includingthefrictional slidingonthefaultsurfacein oursimulations,we improvedourunderstanding
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of thedynamicsof theruptureprocess.Simulationson a strike-slipfault anda thrustfault demonstratedthat

it is morerealisticto assumethat theeffective normalstressesincreasewith depththanremainuniform. In

order for rupturesto generaterealisticslip distributionsundersuchconditions,the absolutechangein the

coefficient of friction during sliding mustdecreasewith depth. We found that assumingthe coefficient of

friction variedinverselywith depthandproportionallywith eitherthe shearwave speedor the squareroot

of the shearmodulusproducedreasonableruptures. Comparedto the groundmotionsfrom ruptureswith

the slip-weakeningfriction model, the velocitiesfrom ruptureswith eitherthe slip- andrate-weakeningor

shearmelting-refreezingfriction modelsdisplayeda moderateincreasefor the sameaverageslip, although

thegeneralbehavior of therupturesdid not change.

Thedynamicfailuresimulationsillustratedseveral importantfeaturesof thebehavior of rupturesduring

earthquakes.In thedirectionof slip therupturesusuallypropagatedat speedsbetween50%and90%of the

shearwave speed,while in the directionperpendicularto slip the rupturespropagatedapproximately20%

slower. In our prescribedruptures,we useda uniform rupturespeedrelative to theshearwave speed.While

this differencehadminimal impacton the groundmotionsfrom strike-slip faults, it tendedto increasethe

amplitudeof thegroundmotionsabovethelateralsidesof theburiedthrustfault.

Additionally, the speedof the dynamicrupturechangedasit encounteredheterogeneityin the distance

from failure(fractureenergy) andthedynamicstressdrop.We foundthatthesechangesin therupturespeed

hada moderateinfluenceon the groundmotions. Locally, the displacementsandvelocitiesincreasedand

decreasedin responseto thechangesin theslip andslip rates.Thefluctuationsin therupturespeeddisrupted

the reinforcementof the shearwave by the rupture,andgenerallydecreasedthe amplitudeof the motion

in the forward direction. Consequently, the groundmotionsfrom the dynamicsfailure simulationsexhib-

ited a strongersensitivity to heterogeneityin the slip thanthe groundmotionsfrom the prescribedrupture

simulations.Incorporatingthesefeaturesinto prescribedruptureswould allow morerealisticsimulationsof

earthquakeswithout explicitly modelingtherupturedynamics.

Despitethesedifferencesbetweenthebehavior of theprescribedrupturesandthosewith dynamicfailure,

the groundmotionsdisplayedmany of the samefeatures. In both casesthe directivity of the rupturewas

the principle factor governing the amplitudeof the displacementsand velocities. We observed relatively

minordifferencesin theshapeof thewaveformsbetweentheprescribedrupturesimulationsandthedynamic

failuresimulations.As expected,whenthesourceparametersfrom a dynamicruptureresembledthosefrom

a prescribedrupture,thegroundmotionsshowedexcellentagreement.

Theradiatedenergiesfrom both theprescribedrupturesimulationsandthedynamicfailuresimulations

followedtheGutenberg-Richterenergy-magnituderelationship.Thestrike-slip simulationsconsistentlyra-

diatedslightly moreenergy thanthatpredictedby theGutenberg-Richterrelationship,while theoppositewas

true for the thrustfault simulations.As in the prescribedrupturesimulations,the shapeof the near-source

factorfrom the1997Uniform Building Codefailedto matchthedistribution of theshakingfor thedynamic

failure simulationson a blind thrust fault, becausethe largestmaximumdisplacementsandvelocitiesoc-
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curredup-dipfrom thetop of thefault. Theshapeof themodifiednear-sourcefactor, which usestheup-dip

projectionof the fault planein the formulationof the near-sourcefactor, did a betterjob of matchingthe

generalpatternof theseverity of theshaking.

11.2 Futur eWork

We still have muchto learnaboutthedynamicsof theruptureprocess.Althoughthework describedabove

illustratedthequalitativerelationshipsbetweenmany of theseismicsourceparameters,suchasdependenceof

therupturespeedon theslip rateandthedependenceof theslip rateon thefractureenergy andthedynamic

stressdrop, quantifying theserelationshipswould lead to more realistic prescribedrupturesand lesstrial

anderror in dynamicfailure simulations. We alsoneedto testour assumptionsof how the coefficient of

friction varieswith thematerialpropertiesanddepthby attemptingto reproducetherupturedynamicsof real

earthquakes.

Oglesbyet al. (1998)suggestedthat thegroundmotionsabove thrustfaultsaresignificantlylarger than

thoseabovenormalfaultswith thesamegeometry. However, Oglesbyet al.useda homogeneoushalf-space

anduniform effective normalstresses.With our assumptionsof how the coefficient of friction varieswith

the materialpropertiesand depth,we needto determineif their observationshold true for more realistic

distributionsof thematerialpropertiesandtheeffective normalstresses.If we find systematicvariationsin

the groundmotionsbetweenthe two typesof faults,the building codesmay needto be changedto reflect

thosedifferences.

Additional work is alsonecessaryto improve our understandingof how rupturesgeneratetheheteroge-

neousslip distributionsthat we observe in earthquakes. For differentfriction modelsthe degreeof hetero-

geneityin the slip distributionsmay stabilizeat different levels with successive simulationsof ruptureson

thesamefault. Althoughwe foundthatthefriction modelswith shearre-strengtheningmoreefficiently pro-

duceheterogeneousslip distributions,basedonkinematicinversionsof severalrecentearthquakes,Dayetal.

(1998)suggestedthat heterogeneityin the stressdrop alonemay generatethe heterogeneousslip distribu-

tions,i.e., rupturesdo not requireshearre-strengtheningto produceheterogeneousslip distributions.Higher

resolutionsimulationswith smallerscaleheterogeneityin thestressdropmayconfirmtheir observationsor

suggestalternative mechanisms.Investigationsin this areawill alsoshedlight on whetherhealingin fault

rupturescomesfrom shearre-strengtheningor healingphasesemittedby theedgesof thefault, i.e.,whether

faultstendto follow pulse-likebehavior or crack-likebehavior.

Modelingthefriction stresseson fault surfaceshasimportantimplicationsto understandingearthquakes.

We canenhancethe applicability of the slip degreesof freedomby making the transformationto the slip

degreesof freedomlocal to eachdegreeof freedom.Thisallowscreationof finite-elementmodelswith non-

planarfault surfacesandarbitraryorientationof any numberof fault surfaces.It thenbecomespossibleto

modelshearandnormalstressesonmultiplefaultsurfaces.Wecanexpandonthestudyof rupturesthatprop-
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agatealonganechelonof faultsconductedby HarrisandDay (1999)by usingrealisticfault orientationsand

curvatures.Includingexisting three-dimensionaltopographyanddensityvariationswill provide constraints

on thestressfields.Furthermore,it becomesnaturalto enforceconsistency of thestressfield acrossdifferent

faults. Ultimately, this allows modelingof the stressfield over a region, suchassouthernCalifornia, and

bridgingthegapbetweentheinter-seismicandseismicbehavior.
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